










































$WKDODVVLVFKH*HZlVVHU VLQG GXUFK HUK|KWH6DOLQLWlW DXVJH]HLFKQHWH:DVVHUN|USHU GHV%LQ
QHQODQGHVRKQH9HUELQGXQJ]XP0HHU'LHLQLKQHQOHEHQGHQDWKDODVVLVFKHQ)DXQHQVLQGHLQ
VHOWHQHV DEHU LP'LVNXUV GHU JHRZLVVHQVFKDIWOLFKHQ /LWHUDWXU LPPHUZLHGHUNHKUHQGHV 3Kl
QRPHQ'LHVH)DXQHQDVVR]LDWLRQHQVLQGLQGLYLGXHOOYHUVFKLHGHQXQGIUEHVWLPPWH6DOLQLWlWV
EHUHLFKH FKDUDNWHULVWLVFK lKQHOQ DEHUQLHPDOVYROOPDULQHQ)DXQHQJHPHLQVFKDIWHQ'LHYRU
NRPPHQGHQ$UWHQVWDPPHQDXVGHPPDULQHQ,QWHUWLGDOZHOFKHVGXUFKLQVWDELOH|NRORJLVFKH
%HGLQJXQJHQFKDUDNWHULVLHUW LVWZDVHLQHKRKH$QSDVVXQJVIlKLJNHLWHUIRUGHUW ,QGHUYRUOLH
JHQGHQ$UEHLWZHUGHQ DWKDODVVLVFKH )RUDPLQLIHUHQ XQG2VWUDNRGHQIDXQHQ LGHQWLIL]LHUW GR
NXPHQWLHUWNODVVLIL]LHUWXQGIUGLH5HNRQVWUXNWLRQDWKDODVVLVFKHU*HZlVVHUYHUZHQGHW
'LH.ODVVLIL]LHUXQJDWKDODVVLVFKHU*HZlVVHUDXI%DVLVYRQ2VWUDNRGHQXQG)RUDPLQLIHUHQDV
VR]LDWLRQHQ HUIRUGHUW HLQH EHVRQGHUH 0HWKRGLN GHQQ JHUDGH LQ GLHVHQ *HZlVVHUQ LVW GLH
'LYHUVLWlWEHVRQGHUVJHULQJXQGGLHYRUNRPPHQGHQ$UWHQKDEHQKRKH|NRORJLVFKH7ROHUDQ
]HQYRUDOOHPJHJHQEHUGHU6DOLQLWlW-HGRFKHUODXEHQPRUSKRORJLVFKH%HVRQGHUKHLWHQZLH
0LVVELOGXQJHQ YRQ )RUDPLQLIHUHQ RGHU GLH $XVELOGXQJ YRQ% XFNHOQ XQG 9DULDELOLWlW YRQ
6LHESRUHQXPULVVHQEHLHLQH5HNRQVWUXNWLRQGHU6DOLQLWlW
%HL QLHGULJHQ 6DO]JHKDOWHQ NRPPHQ%UDFNZDVVHURUJDQLVPHQPLW VDO]WROHUDQWHQ 6ZDVVHU
IRUPHQ LQ DWKDODVVLVFKHQ*HZlVVHUQ YRUZlKUHQG EHL K|KHUHQ 6DOLQLWlWHQ%UDFNZDVVHUWD[D
EHUZLHJHQ ,Q K\SHUVDOLQHQ *HZlVVHUQ OHEHQ QXU QRFK ZHQLJH HXU\KDOLQH $UWHQ GLH DXI
JUXQGIHKOHQGHU.RQNXUUHQ]PDVVHQKDIWDXIWUHWHQN|QQHQ
)U DWKDODVVLVFKH*HZlVVHU VLQG QHEHQ GHU DOOJHPHLQ JHULQJHUHQ'LYHUVLWlW YHUJOLFKHQPLW
UDQGPDULQHQ/HEHQVUlXPHQlKQOLFKHU6DOLQLWlWHLQLJHZHQLJH$UWHQUDQGPDULQHQ8UVSUXQJV
RIW LQ9HUJHVHOOVFKDIWXQJPLWVDO]WROHUDQWHQ6ZDVVHUWD[D W\SLVFK7UHWHQ)RUDPLQLIHUHQ LQ
%LQQHQJHZlVVHUQDXIVLQGVLHGXUFKKRKH0LVVELOGXQJVUDWHQJHNHQQ]HLFKQHW
:lKUHQG DWKDODVVLVFKH *HZlVVHU JHRJHQHU 6DOLQLWlW ZHJHQ GHV KRKHQ 1LHGHU













GLVWLQFWDQGFKDUDFWHULVWLF IRU VSHFLILF VDOLQLW\ UDQJHV7KH\ DUHQHYHUKRZHYHU LGHQWLFDO WR










$WKDODVVLFZDWHUVRI WKH ORZVDOLQLW\ UDQJH DUHFKDUDFWHULVHGE\EUDFNLVKZDWHU DQG WROHUDQW
IUHVKZDWHUWD[DGRPLQDQFHRIEUDFNLVKZDWHUVSHFLHVKRZHYHULVW\SLFDOIRUKLJKHUVDOLQLWLHV
+\SHUVDOLQHZDWHUV DUH LQKDELWHG E\ DI HZ HXU\KDOLQH VSHFLHV RQO\ RIWHQ RFFXUULQJ LQ YHU\
KLJKQXPEHUVEHFDXVHRIODFNLQJFRPSHWLQJVSHFLHV
6RPH VSHFLHV RI PDUJLQDO PDULQH RULJLQ RIWHQ DVVRFLDWHG ZLWK VDOLQLW\WROHUDQW IUHVKZDWHU
VSHFLHVDUHW\SLFDOIRUDWKDODVVLFZDWHUVDVDJHQHUDOO\ORZGLYHUVLW\DVZHOO,I)RUDPLQLIHUD
RFFXUDKLJKSURSRUWLRQRIWKHLUWHVWVLVPDOIRUPDWWHG
&OLPDWLFDOO\ JHQHUDWHG DWKDODVVLFZDWHUV DUH ORFDWHG LQ DULG FOLPDWH ]RQHVZKLOH WKRVHZLWK
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(EHQVR GDQNH LFK GHQ0LWDUEHLWHUQ GHU $UEHLWVJUXSSH*HRDUFKlRORJLH .VWHQPRUSKRORJLH
XQG *HRFKURQRORJLH GHU 8QLYHUVLWlW ]X .|OQ0D[ (QJHO0DUWLQ 6HHOLJHU 'RPLQLN %ULOO









$WKDODVVLVFKH *HZlVVHU EHILQGHQ VLFK DXI DOOHQ .RQWLQHQWHQ HLQVFKOLHOLFK GHU $QWDUNWLV
-XQJ*HUODFK ,P*HJHQVDW]]XPPDULQHQWKDODVVLVFKHQ/HEHQVUDXPZHUGHQ






JHKDOWHQ XQWHU K\SHUVDOLQHQ %HGLQJXQJHQ ]XQHKPHQG YRQGH Q PDULQHQ 5HPDQH	
$EEXQG
$EE6FKHPDGHU=RQLHUXQJYRQ*HZlVVHUW\SHQLQLKUHU%H]LHKXQJ]XU.VWH














JU|HUHQ /DQGVFKDIWVYHUlQGHUXQJ ZlKUHQG GHU SOHLVWR]lQHQ 9HUHLVXQJ .VWHQVHHQ GLH
GXUFK0HHUHVVSLHJHOVFKZDQNXQJHQXQG.VWHQOlQJVVWU|PXQJHQHQWVWHKHQELOGHWHQVLFKHUVW






















*HELUJHQ JHVSHLVWZHUGHQ 6R OLHJW GHU$UDOVHH LQ HLQHP VHPLDULGHQ ELV DULGHP*HELHWPLW
VHKUZHQLJ1LHGHUVFKODJ0|JOLFKHUZHLVH UHJXOLHUHQ GLH JU|WHQ6HHQ LKUH6DOLQLWlW ]XQHK















LQPDQFKHQ 6\VWHPHQ VRJDU YHUKLQGHUWZHUGHQ ,P$UDOVHH KLHOW VLFK GHU 6DO]JHKDOW GXUFK
GLHVHQ(IIHNWEHLFDSVXHUVWGXUFKGHQDQWKURSRJHQHQ:DVVHUHQW]XJDEVWLHJGLH




(YDSRULWEHHLQIOXVVWH VDOLQH%LQQHQJHZlVVHU VLQG VHOWHQHU DOV NOLPDWLVFK EHGLQJWH 6DO]VHHQ
GDVLHDQVDO]KDOWLJH6HGLPHQWHLP8QWHUJUXQGJHEXQGHQVLQG6LHVLQGGDKHUDXFKLQKXPLGHQ
.OLPDWHQDQ]XWUHIIHQ'LHVH.OLPD]RQHQELHWHQDXVUHLFKHQG1LHGHUVFKODJXP9HUGXQVWXQJV
SUR]HVVH YRQ 6HHQ DXV]XJOHLFKHQ 9HUVDO]XQJHQ YRQ *HZlVVHUQ VLQG KLHU DXI VDO]KDOWLJHV
*UXQGZDVVHUGDVPLW(YDSRULWHQGHV*UXQGJHELUJHVLQ%HUKUXQJNDP]XUFN]XIKUHQ'LH
6DOLQLWlWHUUHLFKW MHGRFK LQGHU5HJHOQXUROLJRKDOLQH%UDFNZDVVHUZHUWH ,QVROFKHQ6HHQ LVW
GLH ,RQHQNRPSRVLWLRQ lKQOLFK GHUPDULQHQ 6DO]]XVDPPHQVHW]XQJ GD GLH IRVVLOHQ 6DO]ODJHU
PHLVWDXVPDULQHQ$EODJHUXQJHQVWDPPHQ,Q0LWWHOHXURSDVLQGYRUDOOHP]ZHL*HELHWHGHV
)ODFKODQGHV EHNDQQW'DV7KULQJHU %HFNHQ ELV KLQ ]XP+DU]YRUODQG LQ0LWWHOGHXWVFKODQG
XQGGDV%XUJHQODQGLQgVWHUUHLFK,Q0LWWHOGHXWVFKODQGOLHIHUQYRUDOOHPGLH=HFKVWHLQDEIRO
JHQ GHV3HUPV LPJHULQJHUHQ0DH DEHU DXFK GHU=HOOHQNDON DXV GHUPLWWOHUHQ7ULDV6DO]
ZHOFKHVYRQ*UXQGRGHU4XHOOZDVVHUJHO|VWZLUG6HLGHO%HLWUlJHXQG,P*HELU
1 psu = Practical Salinity Units 
Heutige Salinitätsbestimmungen beruhen gewöhnlich auf Messungen der spezifischen Konduktivität, woraus 
die Salinität berechnet wird. Dieses Verfahren ist sehr zuverlässig für Wasser mariner Ionenzusammensetzung, 
jedoch weniger genau für athalassische Gewässer davon verschiedener Ionenzusammensetzung. 

JHEHLVSLHOZHLVH LQGHU6WHLHUPDUN LQgVWHUUHLFK IKUW6DO]DXVWULWW DXVGHQ6HGLPHQWHQ]XU
$XVELOGXQJHLQHU WKHUPRKDOLQHQ6FKLFKWXQJGHUPHLVW WLHIHQ*HELUJVVHHQ'LH LQWUDPRQWDQH




DUPH 2EHUIOlFKHQZDVVHU DEOlXIW 5HPDQH  (LQHU GHU ZLFKWLJVWHQ 6WHXHUXQJVIDNWRUHQ
IU GLH 6DOLQLWlW LVW GLH *U|H GHV (LQ]XJVJHELHWHV 'DV 9HUKlOWQLV YRQ (LQ]XJVJHELHW XQG
6HHREHUIOlFKH EHVWLPPW GLH 6DOLQLWlWVHQWZLFNOXQJ HLQHV 6HHV EHL YHUGXQVWXQJVDEKlQJLJHU
,RQHQNRQ]HQWUDWLRQ




.OLPDV1LFKW QXU1LHGHUVFKOlJH VSLHOHQ HLQH5ROOH VRQGHUQ DXFK GLH/XIWWHPSHUDWXU%HL
VSLHOVZHLVHNDQQHLQHU(UZlUPXQJ]XU0RELOLVLHUXQJYRQ*OHWVFKHUHLVGXUFK6FKPHO]HQIK
UHQXQGVRHLQHQ*OHWVFKHUVHH]XPhEHUODXIHQEULQJHQ$XIGLHVH:HLVHNDQQVLFKHLQ(QGVHH





+DOEZVWHQ GXUFK :DGLV PLW :DVVHU JHVSHLVW 'HU HKHPDOLJH 6HH YRQ 7D\PD 6DXGL
$UDELHQJHK|UWLQGLHVH.DWHJRULHVLHKH%HLWUlJHXQG
 gNRORJLH
6DOLQLWlW XQG ,RQHQ]XVDPPHQVHW]XQJ KDEHQ SK\VLRORJLVFKH (IIHNWH (LQH ZLFKWLJH $QSDV
VXQJVVWUDWHJLH LVW GLH2VPRUHJXODWLRQ+LHUZHUGHQ ]ZHL+DXSWW\SHQ XQWHUVFKLHGHQ2VPR
NRQIRUPHU GLH GLH ,RQHQNRQ]HQWUDWLRQ LKUHU .|USHUIOVVLJNHLWHQ DQ GLH ,RQHQNRQ]HQWUDWLRQ
GHU8PJHEXQJ DQSDVVHQXQGGL H2VPRUHJXOLHUHU GLHGLH ,RQHQNRQ]HQWUDWLRQ LKUHU.|USHU
IOVVLJNHLWHQ XQDEKlQJLJ YRQGH U 8PJHEXQJ NRQVWDQW KDOWHQ %HL OHW]WHUHQ ZLUG ZHLWHUKLQ
]ZLVFKHQ+\SHUXQG+\SRRVPRWLVFKHQ5HJXOLHUHUQXQWHUVFKLHGHQGHUHQRVPRWLVFKHU,QQHQ
GUXFN EHU E]Z XQWHU GHP GHV XPJHEHQGHQ:DVVHUV OLHJW ,P*HJHQVDW] ]X VWHQRKDOLQHQ
$UWHQGLHQXUHLQHQHQJHQ6DOLQLWlWVEHUHLFKEHVLHGHOQN|QQHQWROHULHUHQHXU\KDOLQH$UWHQHLQ
VHKU EUHLWHV 6DOLQLWlWVVSHNWUXP XQGV LQG LQ DWKDODVVLVFKHQ *HZlVVHUQ KlXILJ LQ VHKU KRKHU
,QGLYLGXHQ]DKO DQ]XWUHIIHQ 'LH$UWHQ]XVDPPHQVHW]XQJ LVW YRQG HU 6DOLQLWlW DEKlQJLJ XQG























bVWXDUPHKUHUH6DOLQLWlWVEHUHLFKH NRPPW HV HQWODQJ GHV6DOLQLWlWVJUDGLHQWHQ ]X HLQHU)DX
QHQ]RQLHUXQJ GLH VLFK YRU DOOHP LQ HLQHUbQGHUXQJGHU'LYHUVLWlW EHPHUNEDUPDFKW GDEHL
DOOHUGLQJVZHQLJHU LQGHU$Q]DKOGHU$UWHQ ,QHLQHU6XN]HVVLRQN|QQHQGDKHUQLFKWQXUGHU


























NXQJHQ HLQH WKHUPRKDOLQH 6FKLFKWXQJ GHV :DVVHUN|USHUV GLH VLFK LP 9HUODXI GHV -DKUHV
UlXPOLFKXQG]HLWOLFKYHUlQGHUQNDQQ)UHQ]HO'LHVNDQQGD]XIKUHQGDVV2UJDQLV
PHQ GHU 6DOLQLWlW IROJHQG LQ WLHIHUH +DELWDWH DXVZHLFKHQ ZDV DOV %UDFNZDVVHUVXEPHUJHQ]
EH]HLFKQHWZLUG 5HPDQH)HKOHQGH.RQNXUUHQ]DQGHUHU$UWHQNDQQ6XEPHUJHQ]EH
JQVWLJHQ0DQXQWHUVFKHLGHWGLHEDVDOH6XEPHUJHQ]EHLGHUGLHXQWHUH9RUNRPPHQVJUHQ]H
DEVLQNW YRQGH U REHUHQ 6XEPHUJHQ] EHL GHU GLH REHUH9RUNRPPHQVJUHQ]H WLHIHU OLHJW'LH
9HUVFKLHEXQJEHLGHU*UHQ]HQQHQQWPDQ WRWDOH6XEPHUJHQ] 5HPDQH%HLP$XIVWHL
JHQYRQ2UJDQLVPHQ LQK|KHUH:DVVHUEHUHLFKHVSULFKWPDQYRQ(PHUJHQ]8UVDFKHKLHUIU










WHQ YRU ZlKUHQG 5LFKWXQJVZHFKVHO EHLP $XIZXFKV GHU .DPPHUQ XQG 0HKUOLQJVELOGXQJ




torosaYRU 5RVHQIHOG	9HVSHU  .QRWHQELOGXQJHQ DXI GHQ.ODSSHQZXUGHQ EHL
CyprideisCytherissa /LPQRF\WKHULGHQ XQG Ilyocypris EHREDFKWHW 0HLVFK  1XU EHL











VFKHQ =HPHQW XQG GHQ GDYRQ YHUEXQGHQHQ 6DQG RGHU 6LOWN|UQHUQ EHVWHKW =LHJOHU 
*ROGVWHLQ 'LHVHPLQHUDOLVFKHQ*HKlXVH VLQG IRVVLO OHLFKW EHUOLHIHUEDU 6LFKHU VLQG
)RUDPLQLIHUHQ VHLW GHP.DPEULXP QDFKJHZLHVHQ )RUDPLQLIHUHQ OHEHQ YRU DOOHP LP0HHU
XQG*HZlVVHUQ DQGHU.VWH'LHPHLVWHQ)RUDPLQLIHUHQDUWHQ OHEHQEHQWKRQLVFK HLQLJH MH
GRFKSODQNWRQLVFK LPRIIHQHQ2]HDQ1XU VHKUZHQLJH$UWHQNRPPHQ LQ%LQQHQJHZlVVHUQ















WLGDO EHKHLPDWHWZLHMiliammina fusca XQG$UWHQ GHU*DWWXQJHaplophragmoides LQ%LQ
QHQJHZlVVHUQYRU%HLWUlJHXQG)RUDPLQLIHUHQLP%LQQHQODQGZXUGHQVFKRQGHVgIWH
UHQ LQ YHUVFKLHGHQHQ 6WXGLHQ HUZlKQW PHLVW DEHU QLFKW LQ 3DOlRPLOLHXVWXGLHQ HLQEH]RJHQ
%HUHLWV%DUWHQVWHLQEHVFKULHEHaplophragmoides canariensisDXVYLHU7KULQJHU%LQ
QHQVDO]VWHOOHQ NRQQWH VLH DEHU QLHPDOV OHEHQG QDFKZHLVHQ RGHU VLH HLQHU VWUDWLJUDSKLVFKHQ
(LQKHLW ]XRUGQHQ'LHV LVW DXFK LQZHLWHUHQ 6WXGLHQ LQ7KULQJHQ ELV KHXWH QLFKW JHOXQJHQ
*UHLIHOG3LQWHWDO%HLWUDJ%DUWHQVWHLQEHREDFKWHWHDEHUGDVVHaplo-
phragmoides canariensis PLW VDO]WROHUDQWHQ 2VWUDNRGHQ ZLH Limnocythere inopinataDar-
winula stevensoniXQGHeterocypris salinaDVVR]LLHUWZDUXQGGDKHUHLQHEUDFNLVFKH$UWVHLQ
PXVV1DFKZLHYRUZLUGGHU(LQWUDJYRQPDULQHQ2UJDQLVPHQZLH)RUDPLQLIHUHQLQDWKDODV
VLVFKH *HZlVVHU GLVNXWLHUW 2EZRKO GHU 7UDQVSRUW YRQ0 LNURRUJDQLVPHQ LP *HILHGHU YRQ
:DVVHUY|JHOQDOVZDKUVFKHLQOLFKJLOW+HOPGDFKZLUGDQGHUHUVHLWVGDVhEHUOHEHQPD

ULQHU7D[D LQ5HOLNWJHZlVVHUQ HKHPDOLJHU0HHUH IUP|JOLFK JHKDOWHQ RGHU HLQH YRUPDOLJH






0LVVELOGXQJHQ YRQ*HKlXVHQ YRQ)RUDPLQLIHUHQ NRPPHQ UHODWLY KlXILJ YRU YRU DOOHP LP
UDQGPDULQHQ XQG DWKDODVVLVFKHQ /HEHQVUDXP:lKUHQG LQ GHQ2]HDQHQ K|FKVWHQV  GHU
)RUDPLQLIHUHQJHKlXVH)HKOELOGXQJHQDXIZHLVHQ 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As a necessary precursor to reconstructing the palaeoenvironmental conditions likely to be temporarily
inﬂuenced by salt bearing ground waters, modern sites of Central Germany, known from the literature to be
continental salt water localities, were investigated for their ostracod faunas. Analysing their associations enables
the test of several methods in palaeoenvironmental analysis based on ostracods. In total, 54 ostracod taxa are
documented. One species, Microdarwinula zimmeri, is new for the area. Interesting is the historical occurrence
of Cyprideis torosa and Cytheromorpha fuscata, typically regarded as indicators of brackish water. The draining
of wetlands has led to the disappearance of many former inland salt sites so that only a few of the sampled
water bodies still show slightly elevated salinity (oligohaline range). Themost important factors for the distribu-
tion of ostracod associations are groundwater inﬂuence, turbidity and ecological stability, whereas the type of
dominating ions is of lesser importance because of time-averaging using taphocoenoses from surface sediments
in our study. The relative proportion of ecological groups of ostracods appears to be the best tool for
reconstructing past habitat types. The newly established Ostracod Permanence Index and Ostracod Turbulence
Index allow the recognition of the inﬂux of ground and surface waters, perennial habitats and ﬂowing waters.
A test of the Mutual Ostracod Temperature Range (MOTR) method demonstrates its capability to reconstruct,
with a precision of +/−2 °C, the mean July and January air temperatures for the time interval 2002–2012.
Additionally, the study contributes to the poorly known Recent distribution of ostracods in Central Germany.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Ostracoda, small bivalved crustaceans, are one of the microfossil
groups best suited for reconstructing past continental environments.
For such purposes, ecological and distribution data are needed.
However, studies on Recent ostracods in the German federal states
of Thuringia and Saxony-Anhalt are very rare, despite numerous in-
vestigations on Pleistocene Ostracoda by Pietrzeniuk, Diebel and
Fuhrmann (e.g. Diebel and Pietrzeniuk, 1969, 1977, 1978a, 1978b,
1984; Fuhrmann, 2008, 2013). The aim of the present study is 1) to
test ostracods as indicators of habitat types and 2) to establish base-
line distributional data for the modern ostracod fauna from Central
German localities previously reported to have salt water inﬂuence.
Our analysis includes the test of 3) the Mutual Ostracod Temperature
Range (MOTR) method for palaeoclimate reconstruction. The study
prepares palaeoenvironmental reconstructions based on Holocene
ostracod associations in Central Germany.
2. Study area
In Central Germany, alternating sequences of Triassic sandstone and
limestone reﬂect the oscillation between shallow sea and terrestrial
ﬂuvial sedimentation in the Thuringian Basin during the Permian and
Triassic. Jurassic and Cretaceous as well as Tertiary strata are rarely pre-
served today. The larger central part of the Thuringian Basin is covered
by Triassic rockswhereas sediments of the Permian, including Zechstein
evaporites, are only exposed at its margin. Numerous sinkholes formed
due to the dissolution of Permian and Triassic evaporites (Seidel, 2003;
Wirth, 2008). After the silting up or artiﬁcial draining of the lakes cover-
ing the depressions in historical times, large reed ﬂats with small relict
water bodies developed. Although most of these water bodies contain
salinities less than 2 psu today, halophytic plants still grow on the salt
bearing soil in many places (Westhus et al., 1997). The 23 sites
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investigated in this study are situated in the Thuringian Basin and its
surroundings (Fig. 1).
The modern climate in Germany is generally humid, however, large
parts of Central Germany are characterised by relatively dry conditions
resulting from the rain shadow caused by the Harz Mountains. The
annual precipitation is 450–500 mm/year (Fabig, 2007). Annual air
temperature ﬂuctuations are characterised by strong seasonality in the
temperate climate zone. Mean values of −0.5 °C for January and
17.5 °C for July are published for the period 2002–2012 in Jena,
south-eastern Thuringian Basin (weather station of the Max Planck
Institute for Biogeochemistry, Jena).
3. Material and methods
We carried out a sampling campaign in the Thuringian Basin and
adjacent areas (see Supplementary data) from summer 2006 to late
spring 2007 complemented by samples from the former Süsser See and
Bindersee taken in 2004. Additionally, more detailed collections were
carried out around Bilzingsleben and in the area of Bad Kösen–Groß
Heringen in summer 2010 as well as the Pennickental at Jena in summer
2011. Data from Altenburg (Fuhrmann, 2010) and the Plothener ﬁsh
ponds sampled in spring 2012 by Gemeinhardt and Frenzel (2014) as
well as older material from Erfurt and Bad Kösen probably taken in
1966/68, from Siebleben taken in 1969 and from Bilzingsleben taken in
1978/79 (material from the Diebel & Pietrzeniuk ostracod collection in
the Museum für Naturkunde Berlin) complete our data set. Those older
collections are stored dried in micropalaeontological slides. The valves
were identiﬁed and counted by us for adding the data to our modern
training set. During our sampling campaign in 2006 and 2007, conductiv-
ity, pH and temperature of the water weremeasured using amultiprobe
WTW 340i and the habitats were characterised. The sampling was car-
ried out exclusively in shallow waters (b1 m water depth) reﬂecting
the small size of the majority of water bodies. Many of the 23 sites
were sampled at multiple stations covering different habitat types and
almost all stations were sampled only one time resulting in 77 modern
samples in total (compare Fig. 1 and Supplementary data).
Water quality analyses included ion chromatography (Dionex
DX-120) for anions and ICP-OES (Varian 725 ES) for cations. After
transformation of ionic masses into equivalent masses, the percentages
of the main ions were calculated and used for chemical classiﬁcation of
water bodies.
Ostracods were sampled with a hand net (ca. 0.1 mm) by scraping
the uppermost 1–2 cmof the surface sediment. The 100–200ml sample
was washed through a 200 μm sieve. Ostracod carapaces and valves
were picked from the dry residues using a wetted ﬁne-tipped brush.
Ostracods were counted and identiﬁed relying on Meisch (2000) and
Fuhrmann (2013). Valves recognisable as reworked through abrasion
or corrosion marks were excluded from analysis. For most samples, it
was not possible to identify individuals that were still living during
sampling due to the use of material from various collections. Therefore,
we decided to use total associations instead.
The software package PAST (Hammer and Harper, 2005) served for
statistical analyses. A PCA on samples containing at least 50 valves
each was carried out in order to identify associations and groups of
samples bound to habitat types and environmental factors respectively.
This PCA is based on 62 of the 77 samples and untransformed relative
abundances of 36 ostracod species after excluding species present in
less than three samples or never exceeding 5% of the association of
each sample. Before analysis, thematrixwas tested on highly correlated
(N|± 0.9|) variables using Spearmen's Rank Correlation as recommend-
ed by Backhaus et al. (2010). TheMOTRmethod uses calibrated temper-
ature ranges determined from a combination of species distributions
and an interpolated climate model in a Geographical Information
System (Horne, 2007; Horne and Mezquita, 2008). The calibrated
Fig. 1.Map of the investigated sites in Central Germany. The numbers indicate the studied modern localities; number of sampled stations are bracketed: 1 — Unterbreizbach (1); 2 —
Merkers (1); 3 — Etmarshausen (1); 4 — Kraja (1); 5 — Numburger Quellen (1); 6 — Stausee Kelbra (1); 7 — Kindelbrück (4); 8 — Bilzingsleben (13); 9 — Esperstedt (2); 10 — Solequelle
Artern (1); 11 — Fürstenquelle Jena (2); 12 — Süsser See (2); 13 — Bindersee (3); 14 — Grossengottern (2); 15 — Siebleben (2); 16 — Hasslebensee (2); 17 — Alperstedter See (1);
18 — Stotternheimer See (1); 19 — Oßmannstedt; 20 — Pennickental (7); 21 — Groß Heringen (3); 22— Bad Kösen (9); and 23 — Plothener ﬁsh ponds (2).
38 A. Pint et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 419 (2015) 37–46
ranges used herein are based on OMEGA (Ostracod Metadatabase of
Environmental and Geographical Attributes; Horne et al., 2011, 2012).
As a test of its performance, the MOTR method is applied to the Re-
cent sites of the Thuringian Basin comparing its temperature estima-
tions with measured January and July temperatures. The Ostracod
Permanence Index was calculated using the percentage of species
living in permanent waters divided by the sum of species living in
permanent and temporary waters. The Ostracod Turbulence Index
is deﬁned as the ratio of turbulent and streaming water preferring
species (mesorheophilic + polyrheophilic) and calm water preferring
species (rheophobic + oligorheophilic) not counting rheoeuryplastic
species. Both indices rely on ecological classiﬁcations given by Meisch
(2000) and Fuhrmann (2013). The ecological classiﬁcation of main spe-
cies is given in Table 1.
Quantitative distribution data are to be added to the NODE
(Nonmarine Ostracod Distribution in Europe) database (Horne et al.,
1998) which contributes to OMEGA. The ostracod material collected




We exclusively sampled shallow waters, because all Recent aquatic
habitats affected by salt water brines in Central Germany are small
water bodies. Most sampled habitat types were ponds (natural and
man-made) and streams. However, there is a remarkable proportion
of spring-fed waters (Table 1). Despite preferentially sampling sites
reported in literature as saline inﬂuenced, only a few showed elevated
salinity (oligohaline range). Salinity ranges from0.1 to 1.8with amedian
of 0.5. The majority of the studied waters is SO42−-dominated (Table 1).
4.2. Ostracoda
37 ostracod species were identiﬁed in 65 samples from 23 sites in
Thuringia and southern Saxony Anhalt (Table 1, Plate I, Appendix A).
The most frequent and abundant species include Candona candida,
Candona neglecta and Ilyocypris bradyi (Table 1). True brackish
water species are Cyprideis torosa, which occurs in a few sites, and
Cytheromorpha fuscata found in one site with low numbers only;
however, both species are represented exclusively by empty valves.
All valves of C. torosa are representing the smooth (not noded) form.
Semiterrestrial ostracod species such as Microdarwinula zimmeri and
Scottia pseudobrowniana were found in the Bilzingsleben area in high
abundance.
Most ostracod species found are either present in a few samples or
widely scattered over habitat types. Thus, associations indicative for se-
lected habitats are hardly recognisable. Only the helocrenic species
Fabaeformiscandona brevicornis and Cryptocandona vavrai are limited
to spring-fed waters. Taxa preferring turbulent water are present in
almost all samples in large numbers. Perennial forms are rare and
mostly limited to temporary water bodies, the littoral zone of lakes
and ponds and in ditches. Despite their indication of perennial waters,
forms of permanentwatersmostly co-occurwith them in such samples.
Scottia pseudobrowniana, a semi-terrestrial species (Meisch, 2000), is
limited to fen and spring sites. Taxa of lakes and ponds are widely
scattered over all habitats, their highest diversity (N3 species), however,
is found in lake and pond samples only (Table 1).
In the present study we tested the MOTR method by applying it to
combined Recent ostracod assemblage of 35 species for which a reliable
calibration set exists (Horne and Mezquita, 2008). The reconstruction
was obtained by integrating records from all studied 65 samples and
23 sites in the ThuringianBasin. The result indicates amean July air tem-
perature range of +16 to +20 °C and a mean January air temperature
range of−1 to +2 °C (Fig. 2).
5. Discussion
A grouping of the studied inlandwater bodies was done based on its
ionic compositionwith a focus on ionic dominances (Table 1). Twomain
groups of anionic composition may be distinguished: Cl−- and SO42−-
dominated waters. To explain the origin of these ions, a groundwater
contact to NaCl- or CaSO4-bearing sediments underground is assumed
in most cases. NaCl is typical for evaporites of Zechstein strata under-
ground but can also occur in Triassic sediments (Seidel, 2003; Wirth,
2008). In the case of CaSO4-dominated water, sediments from outcrops
in addition to that from the underground are also possible sources.
Gypsum-rich sediments occur frequently in Permian and Triassic for-
mations and may lay on the surface.
The list of ostracod species found in our material comprises all taxa
frequently found in Quaternary sediments of Central Germany associat-
ed with Cyprideis torosa (Pint et al., 2012). The only exceptions are
Limnocytherina sanctipatricii and Cytherissa lacustris which are absent
from our Recent material. Both species are known to prefer cold water
(Meisch, 2000), hence they are more typical for glacial or transitional
climatic conditions or the deep water of oligotrophic lakes and are not
expected for our Holocene interglacial shallow water associations.
Remarkable is the occurrence of livingMicrodarwinula zimmeri in a fen
sample at Bilzingsleben, a species previously known from sites south
of the Alps only (Fuhrmann, 2013).
Principle Component Analysis (PCA) on ostracod distribution over
samples shows only two species and a few samples with high loadings
onto the ﬁrst two axes (Fig. 3). The ﬁrst axis explains only 16.4%, the
second one 11.0% of the variance of data. This ﬁnding points to a hetero-
geneous data set and a multitude of factors inﬂuencing ostracod distri-
bution. Examining loadings of samples reveals waters dominated by
CaSO4 on the right side and those dominated by NaCl on the left side
of the diagram. Candona candida shows the highest loading on axis 1,
hence is typical for CaSO4-richwaters in our data set.Heterocypris salina
characterises the other side of the ﬁrst axis, which ﬁts its characterisa-
tion as preferring NaCl-rich waters (Meisch, 2000). The second axis
may be explained by its being negatively impacted by ﬂowing water.
Whereas four species preferring ﬂowing water (Ilyocypris bradyi,
Prionocypris zenkeri, H. salina, Candona neglecta) are grouped at the
lower end of the second axis, the highest loadings are associated with
Potamocypris zschokkei which prefers stagnant waters (Meisch, 2000).
The placing of samples within the PCA is reﬂecting our interpretation
of the two axes as well.
Surprisingly, presence/absence distribution of species does not allow
the discrimination of habitat types (Table 1). A possible explanation for
this circumstance is the lack of differentiation of living anddead individ-
uals in parts of our data set. Due to this, samples are time-averaged ten-
tatively containing subfossil material or maybe even allochthonous
specimens in rare cases. As Westhus et al. (1997) report, and we have
noticed in many locations, many salt water sites known from older
literature were drained and converted into areas for agriculture after
the Second World War. Hence, we could ﬁnd a low number of sites
with elevated salinity only and many smaller water bodies have disap-
peared and were replaced by reed areas (Ried). Biasing effects of
sampling season are assumed to be marginal because of analysis of
total associations comprising assemblages of probably some years.
Taxa given in Meisch (2000) and Fuhrmann (2013) as helocrenic
occur not only in springs and spring inﬂuenced water bodies, but also
in streams, fens and in some of the ponds (Table 1). The presence of
helocrenic ostracod species in other than spring-fed water bodies may
be caused by seepage in or close to such waters not recognised by us
during ﬁeld work. We assume therefore more species than only
Fabaeformiscandona brevicornis and Cryptocandona vavrai as document-
ed by our study to be indicator-species for spring impact.We decided to
use the proportion of helocrenic species and also the proportion of cold
water species within the associations to investigate its proxy value as-
suming that the sampled springs have constant lowwater temperatures
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Table 1
Distribution of modern Ostracoda in surface samples from Central Germany. Species never exceeding 2% in any sample or occurring in less than two samples are omitted. The remaining are sorted based on ecology (Meisch, 2000; Fuhrmann,
2013). Samples listed according to water type and salinity range, which are derived from the measured conductivity. The dominate anion and cation are listed if they were measured. Samples from the oligohaline range and Cyprideis torosa
as the only true brackish water species present in numbers are shaded. The relative abundance of ostracod taxa is given by dominance values following Engelmann (1978): full circle = eudominant (≥32%), three quarter circle = dominant
(≥10%), half circle = subdominant (≥3.2%), quarter circle = recedent (≥1.0%) and empty circle = (present with b1.0%).
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8 51°17,440' 11°03,560' DP-Bilz-8
8 51°17,440' 11°03,560' DP-Bilz-1
8 51°16,605' 11°03,561' DP-Bilz-2
7 51°15,816' 11°04,600' DP-Bilz-11
11 50°54'56.98" 10°16'22.64" Fü-1
22 51°7'44.56" 11°43'9.98" J.Berg
21 51°6'9.13" 11°40'14.52" ABKL7
21 51°6'9.13" 11°40'14.52" Bahnd
22 51°7'49.10" 11°43'24.19" ABKL4
22 51°7'49.10" 11°43'24.19" Quelle
19 51°0,999' 11°25,593' B9
19 51°0,998' 11°25,598' B1/2
5 51°25'39.91" 10°57'47.05" Nu-2
3 50°48'06.68" 10°16'22.64" Et-1
9 51°19'22.63" 11°10'28.39" Esp-3
11 50°49'50.46" 10°07'36.38" Fü-2
8 51°15,816' 11°04,600' Grü-1
8 51°17,440' 11°03,560' DP-Bilz-9
8 51°17,328' 11°03,608' Bilz-1
7 51°15,816' 11°04,600' DP-Bilz-7
22 51°7'49.10" 11°43'24.19" ABKL5
22 51°7'49.10" 11°43'24.19" Saale
21 51°06,279' 11°40,107' ABKL11
22 51°6'16.36" 11°40'6.55" ABKL9
22 51°7'38.86" 11°43'6.21" ABKL6
22 51°7'38.86" 11°43'6.21" Kalkw.
























































































4 51°27'03.57" 10°30'51.07" Kra-1
8 51°16,965' 11°04,330' Bilz-12
8 51°17,328' 11°03,608' DP-Bilz-4
7 51°15,829' 11°04,682' DP-Bilz-6
8 51°16,128' 11°04,083' Bilz-10
1 50°48'59.00" 9°58'49.98" Br-1
20 50°54,385' 11°37,896' P3
20 50°54,355' 11°37,630' P5.1 Pond
9 51°20'46.55" 11°10'50.48" Esp-1
16 51°06'06.97" 11°00'01.92" Haß-4
16 51°06'06.97" 11°00'50.29" Haß-5
14 51°08'33.29" 10°35'22.35" Gros-7
14 51°08'33.29" 10°35'22.35" Gros-6
13 51°29'12.29" 11°29'12.29" 1018-1
13 51°29'12.29" 11°29'12.29" 1018-3
13 51°29'12.90" 11°43'24.20" Rol-1
17 51°04'28.86" 11°02'21.97" Alp-1
6 51°25'36.54" 10°58'13.11" Ke-1

















































Cl-; Na+12 51°29'55.99" 11°39'44.10" 1017-1
18 51°02'56.08" 11°03'29.29" St-1
15 50°56'07.87" 10°45'46.81" Sieb-Grei +
16 51°05'47.33" 11°00'50.29" Haß-3
16 51°05'47.33" 11°00'50.29" Haß-2
20 50°54,396' 11°37,950' P2
20 50°54,388' 11°37,953' P2.1
2 50°49'38.67" 10°07'12.49" Me-1
23 50°39,310' 11°45,631' SRT 1
23 50°38,927' 11°45,695' SGT 2
15 50°56'07.87" 10°45'46.81" Sieb-2
20 50°54,390' 11°37,458' P6.1
20 50°54,390' 11°37,458' P6
8 51°17,226' 11°03,668' DP-Bilz-10
8 51°16,124' 11°06,526' Bilz-3
7 51°15,879' 11°04,734' Bilz-7
8 51°17,340' 11°03,661' Bilz-2
8 51°17,340' 11°03,661' DP-Bilz-3


































thus being favoured by cold water taxa. A mutual high proportion of
helocrenic and cold water taxa is indeed characteristic for clearly spring
inﬂuenced habitats (Fig. 4). Furthermore, all samples without docu-
mented spring inﬂuence do not contain any helocrenic ostracod species.
On the other hand, there are some spring samples without helocrenic
taxa — in fossil samples like those the groundwater inﬂuence would
not be detectable by ostracod analysis alone.
The general presence of ostracod species preferring turbulent
waters, even in standing water bodies, is not surprising if considering
the shallow water depth of all sampling sites. Waves and currents
triggered by wind create turbulence in shallow waters — most of our
samples come from less than 30 cm water depth. For discriminating
ﬂowing waters from other habitats by using the Ostracod Turbulence
Index (OTI = relative abundance of rheophobic and oligorheophilic
species within the sum of those and meso- to polyrheophilic species)
and for checking the reliability of the Ostracod Permanence Index
(OPI = relative abundance of species occurring in permanent waters
only within the sum of those and others preferring perennial waters)
we cross-plotted both indices.We expected a highOTI andOPI for rivers
and other ﬂowing waters and a high OTI and low OPI for the very shal-
lowwater of the littoral zone in standing waters. Except for one spring-
fed brook, all ostracod associations from ﬂowing waters plot above a
value of 90% of the Ostracod Turbulence Index (Fig. 5) illustrating its
value as current proxy. Several other associations plot into the same
ﬁeld of the diagram in Fig. 5, mainly springs. Ostracod associations
from perennial waters and the littoral zone of stagnant permanent
waters probably temporary falling dry due to lake level variability
can only be found at values of the Ostracod Permanence Index b12%
(Fig. 5). There are, however, ostracod associations from permanent
waters that can be found as well. As our data show, ﬂowing waters
may be identiﬁed in the fossil record by an OTI of N90% and a consider-
ation of theOPI is not necessary for this. Identifying temporarywaters or
the littoral zone of standing permanent waters with a ﬂuctuating water
level requires a low OPI, in our data set b12%, but a high diversity of
species attributed by Meisch (2000) and Fuhrmann (2013) to lakes
and ponds may help to distinguish such samples.
The brackish water indicator Cyprideis torosa (Pint et al., 2012)
occurs in ﬁve localities, one time together with another brackish water
Plate I.Selectedostracods found inmodern surface sedimentsofCentralGermany:1:$BOEPOB DBOEJEB; 2 : Psychrodromusolivaceus; 3 :'BCBFGPSNJTDBOEPOBCSFWJDPSOJT4:
Ilyocyprisinermis;5:Pseudocandonamarchica; 6 : Limnocythereinopinata; 7 : Potamocypriszschokkei; 8 : Ilyocyprisbradyi; 9 : Potamocyprisunicaudata;10:Pseudocandonaalbicans.
AllspecimensarefromPennickentalatJena,exceptL.inopinataandC.candidafromStauseeKelbra.
42 A. Pint et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 419 (2015) 37–46
ostracod, Cytheromorpha fuscata (Frenzel et al., 2010). Both species are
considered to represent a salinity N0.5 psu, while the single presence
of the un-noded form of C. torosa may signify even higher salinity
(Frenzel et al., 2012). C. torosa is known to be wide-spread in Quaterna-
ry athalassic brackish waters of Central Germany (Pint et al., 2012) and
forms stable and long-living populations in larger salty inlandwaters as
it is known for C. fuscata as well (Salziger See, Wennrich, 2005). Four of
the seven studied localities yielding this indication were, however,
freshwater sites during sampling (Table 1). We know for some of
these water bodies (Süßer See, Stotternheim) that they were brackish
in the recent past and assume all those C. torosa and C. fuscata valves
to be subfossil. This seems to be the case for the very few freshwater
literature records of C. torosa as well (Pint et al., 2012). Hence, they
are interpreted to reﬂect past salinity values. Heterocypris salina occurs
throughout the covered salinity range and does not show an indicator
value for brackish water as already stressed by Meisch (2000) and
Fuhrmann (2013).
Analysis of water chemistry preferences indicates Psychrodromus
olivaceus, Fabaeformiscandona brevicornis, Pseudocandona marchica,
Ilyocypris inermis and Potamocypris zschokkei as typical for Ca-
dominated waters (Fig. 6). Ilyocypris gibba and Potamocypris unicaudata
are characteristic species for SO4-dominated and Heterocypris salina,
Limnocythere inopinata and Prionocypris zenkeri for Cl-dominated
water. Heterocypris incongruens and Cypridopsis vidua do not occur in
Ca-dominated water in our material and their absence could support
the identiﬁcation of Ca-dominated water in reconstructions.
The test of the MOTR method (Horne, 2007), using an aggregated
species assemblage for the region, satisfactorily reproduced the
Fig. 2.Mutual Ostracod Temperature Range (MOTR) of recent sites of the Thüringer Basin with calibrations based on Horne and Mezquita (2008) and updates from OMEGA, December
2011. The black lines represent the temperature range of each species listedhere. Only species forwhich a reliable calibration set exists (Horne andMezquita, 2008) are used for theMOTR.
Fig. 3. Principle Component Analysis (biplot) of 62modern samples and 36 associated ostracod species from the Thuringian Basin. The ﬁrst axis, reﬂectingwater chemistry, explains 16.4%
and the second 11.0% of the variance. CaSO4-dominated waters are found at high loadings and NaCl-dominated waters at low loadings on the ﬁrst component. Only species with loadings
higher than +20 and lower than−20 (sites); higher than +10 and−10 (species) are labelled.
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present-day mean July and January air temperatures to within
+/−2 °C. This is consistent withmeasured air temperatures for the re-
gion of these sites (July +17.5 °C, January−0.5 °C, Weather Station of
the Max Planck Institute for Biogeochemistry, Jena, 2002–2012). This
demonstrates very well its potential for palaeotemperature reconstruc-
tions. However, it is worth noting that no single site in the Thuringian
Basin dataset contained all 35 species; MOTR analyses based on less
diverse assemblages from individual siteswould not yield such a precise,
closely-constrained result, although even very broadly reconstructed
temperature ranges would still enclose the true values. Moreover, in-
spection of Fig. 2 shows that obtaining a narrow-ranging reconstruction
is not necessarily reliant on the presence of stenothermal taxa (i.e. with
narrow calibrated ranges) but can also be obtained from the mutual
overlap of the wide temperatures ranges of more or less eurythermal
taxa. The MOTR method, as with all mutual climatic range methods,
tends to provide greater precision with higher numbers of taxa.
6. Conclusions
The distribution analysis of living ostracods is compulsory to gain
ecological data needed for palaeoenvironmental analysis. Total associa-
tions not differentiating between living and dead specimens hampers
the interpretation of species autecology, however, it allows water type
comparisons with fossil associations. A purely qualitative approach in
analysing ostracod associations from potential inland brackish water
sites is of limited use for palaeoenvironmental analysis because of its
low habitat and water chemistry discrimination. Quantitative analyses
relying on proportions of ecological groups showamuchbetter discrim-
ination performance. By using the proportion of helocrenic taxa, the
Ostracod Permanence Index and the Ostracod Turbulence Index,
the recognition of groundwater inﬂow, current of ﬂowing waters
and perennial habitats is possible in most cases. In addition, Scottia
pseudobrowniana and Microdarwinula zimmerimay be used as indica-
tors for semi-terrestrial habitats. The occurrence of subfossil Cyprideis
torosa and Cytheromorpha fuscata in surface sediments indicates a his-
torical salinity change for those water bodies caused by land ameliora-
tion. Heterocypris salina alone is not a reliable brackish water indicator.
For the reconstruction of mean monthly air temperature, the precision
and utility of the MOTR method has been demonstrated by means of a
test on the modern ostracod fauna of Central Germany.
7. List of ostracod taxa
Candona angulataMüller, 1900
Candona candida (O.F. Müller, 1776)
Cando na neglecta Sars, 1887
Candona weltneri Hartwig, 1899
Candonopsis kingsleii (Brady & Robertson, 1870)
Cavernocypris subterranea (Wolf, 1920)
Cryptocandona vavrai Kaufmann, 1900
Cyclocypris laevis (O.F. Müller, 1776)
Cyclocypris ovum (Jurine, 1820)
Cypria ophtalmica (Jurine, 1820)
Cyprideis torosa (Jones, 1850)
The present specimens are all smooth shelled, i.e. without nodes,
and are therefore assigned as Cyprideis torosa f. littoralis sensu Brady,
1868.
Cypridopsis vidua (O.F. Müller, 1776)
Cypris pubera O.F. Müller, 1776
Fig. 4.Cross-plot of relative abundances of ostracod species occurring often in springs versus cold-stenothermal species based on ecological classiﬁcations byMeisch (2000) and Fuhrmann
(2013). The habitat types are indicated by large black circles for sites immediately in front of a groundwater discharge, small black circles for sites close to a spring, small grey circles for
siteswith assumed spring inﬂuence andwhite circles for other siteswithout spring inﬂuence. Textwithin thediagram refers to springs (large black circles) and gives furtherhabitat details.
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Cyprois marginata (Straus, 1821)
Cytheromorpha fuscata (Brady, 1869)
Darwinula stevensoni (Brady & Robertson, 1870)
Eucypris pigra (Fischer, 1851)
Eucypris virens (Jurine, 1820)
Fabaeformiscandona breuili (Paris, 1920)
Fabaeformiscandona brevicornis (Klie, 1925)
Fabaeformiscandona fabaeformis (Fischer, 1851)
Herpetocypris brevicaudata Kaufmann, 1900
Herpetocypris reptans (Baird, 1835)
Heterocypris incongruens (Ramdohr, 1808)
Heterocypris salina (Brady, 1868)
Ilyocypris bradyi Sars, 1890
Ilyocypris gibba (Ramdohr, 1808)
Ilyocypris inermis Kaufmann, 1900
Ilyocypris sp.
Fig. 5. Ostracod Permanence Index (relative abundance of species occurring in permanent waters only within the sum of those and others preferring perennial waters) compared to
Ostracod Turbulence Index (relative abundance of rheophob and oligorheophilic species within the sum of those and meso- to polyrheophilic species). The ecological classiﬁcation of
species is based on Meisch (2000) and Fuhrmann (2013). The habitat types are indicated by black diamonds for ﬂowing water, black circles for springs, small grey circles for the littoral
of standing water bodies and perennial waters and white circles for other habitat types. The only ﬂowing water site with a low Ostracod Turbulence Index is marked.
Fig. 6. Steadiness (black scales and grey numbers) of ostracod species occurrence in waters of different dominating ions. Rare and ubiquitous species are omitted. Groups with similar
preferences of water chemistry are separately framed.
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Ilyocypris sp. could not be assigned to a species given in Meisch
(2000). The marginal zone of the left valve of this species is smooth
without ripplets.
Ilyocypris species were identiﬁed using valve size, morphology
(marginal spines and nodes) and the presence and degree of marginal
ripplets in the posterior-ventral part of the left adult valves sensu Van
Harten (1979) and Janz (1994).
Limnocythere inopinata (Baird, 1843)
Metacypris cordata Brady & Robertson, 1870
Microdarwinula zimmeri (Menzel, 1916)
Nannocandona faba Ekman, 1914
Notodromas monacha (O.F. Müller, 1776)
Physocypria kraepelini G.W. Müller, 1903
Plesiocypridopsis newtoni (Brady & Robertson, 1870)
Potamocypris arcuata (Sars, 1903)
Potamocypris fallax Fox, 1967
Potamocypris fulva (Brady, 1868)
Potamocypris smaragdina (Vávra, 1891)
Potamocypris unicaudata Schäfer, 1943
Potamocypris zschokkei (Kaufmann, 1900)
Potamocypris species were identiﬁed based on articulated valves. If
separated and juvenile valves were not distinguished, they appear in
our counts as Potamocypris spp.
Prionocypris zenkeri (Chyzer & Toth, 1858)
Pseudocandona albicans (Brady, 1864)
Pseudocandona compressa (Koch, 1838)
Pseudocandona marchica (Hartwig, 1899)
Pseudocandona rostrata (Brady & Norman, 1889)
Pseudocandona sucki (Hartwig, 1901)
The ﬁve Pseudocandona species, especially P. marchica and P. rostrata
are hard to distinguish. For juvenile specimens it is even impossible.
Therefore, we assign all specimens to Pseudocandona spp. for quanti-
tative analyses and give qualitative distribution data only for the
species.
Psychrodromus olivaceus (Brady & Norman, 1889)
Sarscypridopsis aculeata (Costa, 1847)
Scottia pseudobrowniana Kempf, 1971
Trajancypris clavata (Baird, 1838)
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Beitrag 2: 
Late Quaternary lake history of the Siebleber Senke (Thuringia, Central Germany) – 
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Avg. bias 0.58 -0.025
Max. bias 3.44 8.586 
Cross-validation bootstrapping (n=100) 
R² 0.64 0.41 
RMSEP 4.01 5.19 
Avg. bias 0.52 -0.164 


































































=RQH $QQXDOPLQ $QQXDOPD[ -XO\PLQ -XO\PD[ -DQXDU\PLQ -DQXDU\PD[
 WR WR WR WR ±WR± WR
 ±WR± WR WR WR ±WR± WR
 ±WR WR WR WR ±WR± WR
 ±WR± WR WR WR ±WR± WR




































































0LQ 0D[ 0LQ 0D[ 0LQ 0D[
 &DQGRQDFDQGLGD2)0h//(5      
 &DQGRQDQHJOHFWD6$56      
 &\FORF\SULVODHYLV2)0h//(5      
 &\FORF\SULVRYXP -85,1(      
 &\SULGRSVLVYLGXD 2)0h//(5      
 &\WKHULVVDODFXVWULV6$56      
 'DUZLQXODVWHYHQVRQL%5$'<	52%(57621      
 +HWHURF\SULVVDOLQD %5$'<      
 /HXFRF\WKHUHPLUDELOLV.$8)0$11      
 /LPQRF\WKHUHLQRSLQDWD%$,5'      
 3VHXGRFDQGRQDPDUFKLFD+$57:,*      
 3VHXGRFDQGRQDURVWUDWD%5$'<	1250$1      
 3VHXGRFDQGRQDVXFNL+$57:,*      











































































































































































































































































































































































































































































































































































































































































































































































































Distribution of &\SULGHLV WRURVD (Ostracoda) in Quaternary Athalassic Sediments in 
Germany and its Application for Palaeoecological Reconstructions







JHZlVVHUQZDU VLHEHVRQGHUV LP$WODQWLNXPKlXILJH[LVWLHUWHQRFK LQGHQ0DQVIHOGHU6HHQ
ELV]XU7URFNHQOHJXQJGHV6DO]LJHQ6HHVLPWHQ-DKUKXQGHUWCyprideis torosa LVWLQ.V
WHQQlKHPLW%UDFNZDVVHURVWUDNRGHQXQGLQ%LQQHQJHZlVVHUQPLW6ZDVVHURVWUDNRGHQDVVR
]LLHUW'LH0HKUKHLW GLHVHUEHJOHLWHQGHQ2VWUDNRGHQDUWHQ LVW VDO]WROHUDQW LQGHQ0DQVIHOGHU
6HHQVRZLHLQHLQLJHQ*HZlVVHUQUXQGXP*RWKDNRQQWHQ]XGHPDXFKVXEUH]HQWH)RUDPLQLIH
UHQQDFKJHZLHVHQZHUGHQGLHDOVVLFKHUHU6DO]]HLJHUJHOWHQ
$3LQW 3)UHQ]HO 5)XKUPDQQ %6FKDUI 9:HQQULFK
.RQ]HSWLRQ ; ;
*HOlQGHDUEHLWHQ ; ; ; ; ;










Internat. Rev. Hydrobiol. 97 2012 4 330–355
DOI: 10.1002/iroh.201111495
ANNA PINT*, 1, PETER FRENZEL3, ROLAND FUHRMANN2, BURKHARD SCHARF4 and 
 VOLKER WENNRICH5
1Friedrich-Schiller-Universität Jena, Institut für Geowissenschaften, Burgweg 11, 
D-07749 Universität zu Köln, Geographisches Institut, Albertus-Magnus-Platz, D-50923 Köln; 
e-mail: annapint@web.de
2Eilenburger Straße 32, D-04317 Leipzig; e-mail: fuhrmann.roland@yahoo.de
3Friedrich-Schiller-Universität Jena, Institut für Geowissenschaften, Burgweg 11, D-07749 Jena; 
e-mail: Peter.Frenzel@uni-jena.de
4Ellhornstr. 21, D-28195 Bremen; e-mail: burkhard.w.scharf@t-online.de
5Universität zu Köln, Institut für Geologie und Mineralogie, Zülpicher Straße 49a, D-50674 Köln; 
e-mail: Volker.Wennrich@uni-koeln.de
Research Paper
Distribution of Cyprideis torosa (Ostracoda) in Quaternary 
Athalassic Sediments in Germany and its Application for 
Palaeoecological Reconstructions
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Abstract
Cyprideis torosa (JONES, 1850) is a very common brackish water ostracod of the German coasts, 
but, despite empty valves are found occasionally in surface sediments of some modern inland waters, 
C. torosa could not be found living in modern athalassic waters of Germany so far. During interglacial 
periods, including the Holocene, however, fossils of this species are quite common in Central Germany, 
at a distance of more than 300 km away from the coasts of the Baltic and North Seas. All 31 Quater-
nary localities with C. torosa known so far from Germany are documented. C. torosa is an indicator 
for brackish waters and widely used as index-fossil in palaeosalinity reconstructions relying on water 
chemistry bound morphological changes (nodes, sieve-pores). The comparisons imply a general under-
estimation of palaeosalinity in oligo- to mesohaline athalassic waters if using nodes and sieve-pores of 
C. torosa as proxy. A water chemistry (ionic composition) driven morphological response is assumed 
instead one by salinity only. Palaeosalinity estimations for athalassic waters, relying on morphological 
variability alone, should therefore be used with caution. Palaeosalinity trends, however, can be detected. 
Distinguishing thalassic and athalassic sediments with C. torosa is possible by using the associated 
ostracod fauna as a discriminator. Regarding the ecology and distribution of C. torosa, permanent, 
brackish, and shallow water bodies under relatively warm conditions are required for its settlement. 
The source of the salt are brines originating from Zechsteinian or Triassic underground evaporites. 
Warm and relatively dry climates could enhance the process for such water bodies of becoming salty, a 
situation present in Holocene Central Germany. The occurrence of C. torosa can therefore be used for 
palaeoclimatological studies. The most probable migration path of this ostracod species to athalassic 
waters is by avian transport.
* Corresponding author
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1. Introduction
The widespread and ecologically opportunistic ostracod species Cyprideis torosa (JONES, 
1850) occurs both in marginal marine environments and inland water bodies with slightly 
brackish up to hypersaline conditions (KLIE, 1938; BRONSHTEIN, 1947; MEISCH, 2000). It is 
an index species of the Cyprideis litoralis-Manayunkia aestuarina coenosis typical for soft 
bottoms of shallow coastal lagoons where it occurs often in high numbers (REMANE, 1940). 
The species tolerates a wide range of salinity, temperature, and oxygen conditions (MEISCH, 
2000). C. torosa is commonly regarded as an index fossil for brackish waters (VESPER, 1972; 
ROSENFELD and VESPER, 1976; GRAMANN, 2000). In permanent inland water bodies with 
saline conditions, C. torosa can be associated with athalassic foraminifers, under oligoha-
line conditions with freshwater ostracod taxa (WENNRICH et al., 2007). A clue to successful 
palaeoenvironmental reconstruction is the ecologically driven morphological variability of 
the valves. Salinity dependant size, ornamentation, and sieve-pore changes, as well as the 
formation of nodes are known (VESPER, 1972; ROSENFELD and VESPER, 1976; CARBONEL, 
1982; VAN HARTEN, 1996, 2000; KEYSER and ALADIN, 2004; MARCO BARBA, 2010). Whether 
athalassic C. torosa, however, shows the same morphological variation pattern as in the 
marine realm is not known.
There is a relatively high number of fossil occurrences of C. torosa in Central and North-
ern Germany as already stated by GRAMANN (2000). Whereas its general distribution along 
the Holocene and Pleistocene coast lines of the North and Baltic Sea is not surprising, 
there are many reports from inland water sediments of these time periods. GRAMANN (2000) 
reported four athalassic localities with C. torosa shells in surface sediments, however, no 
specimens with soft parts were discovered. The question arises why C. torosa, the most 
frequent ostracod species of the German coast today, could not be found living in oligo- or 
mesohaline inland waters. Which environmental conditions are needed for colonization of 
an athalassic brackish water body by C. torosa? Are there differences in environmental or 
climatic conditions between today’s and fossil occurrences? Is it possible to discriminate 
between athalassic and thalassic associations containing C. torosa? Are the proportions of 
noded valves and round sieve pores applicable for salinity reconstructions in athalassic 
waters also?
To answer these questions of relevance for palaeoenvironmental reconstructions, the dis-
tribution data of C. torosa from Quaternary sediments of Germany are compared to recent 
ones. Additionally, a morphological analysis of material from selected sites contributes to 
an evaluation of node proportion and sieve pore shape as proxies for salinity in athalassic 
waters.
2. Material and Methods
The compilation of distributional data for Cyprideis torosa in Quaternary sediments of Germany is 
based on (1) an overview on published studies mentioning this species in Germany as well as the Fossil 
Ostracod Database for Central Germany by R. FUHRMANN (FUHRMANN, 2006), and (2) new studies of 
fossil material from Siebleben and Voigtstedt (Thüringen), Salziger and Süßer See (Sachsen-Anhalt), 
and Bad Laer (Niedersachsen) (Fig. 1). Additionally, we sampled recent inland salt water sites in Central 
Germany in search for C. torosa in the summer of 2006 and 2007. Those are mainly localities from 
where athalassic foraminifers were reported by BARTENSTEIN (1939): Siebleben near Gotha, Großengot-
tern, Alperstedt, and Stotternheim near Erfurt, as well as Esperstedt south of the Harz mountain. A 
database of Recent ostracod occurrences along the German Baltic Sea coast (FRENZEL, 2009) was used 
for comparison and additional ecological data (FRENZEL et al., 2010).
Sampling of living ostracods was done using a hand net scraping the topmost cm of the sediment 
from the bottom of the selected water bodies. The sediment samples were stored in ca. 70% ethanol in 
order to recognize “living” individuals during picking.
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A detailed study of morphological peculiarities was carried out using (1) material from the DIEBEL 
and PIETRZENIUK collection of Quaternary Ostracoda in the Museum of Natural History Berlin as well as 
a new sediment core from Siebleben near Gotha, (2) an outcrop profile from the Pleistocene Muschel-
tone (Mussel Clays) near Voigtstedt (THOMAS, 2010), (3) already picked ostracod valves from sediment 
cores of Süßer and Salziger See in Sachsen-Anhalt (WENNRICH, 2005), and (4) two archive samples from 
Bad Laer (HILTERMANN and LÜTTIG, 1960) (Fig. 2). Additionally, for comparison, palaeo-salinities were 
estimated using mutual ecological tolerances of ostracod species within the local associations.
Fossil sediments were disintegrated with H2O2 when necessary. All other samples were washed 
without preparation with tap water using a 200 m sieve. The residues were dried on air at room 
temperature.
If not already isolated, microfossils were picked under a low-power binocular microscope using a fine 
tipped brush. After determining the accompanying fauna, the proportion of noded valves of C. torosa 
was counted. Ten valves of C. torosa (female or male, preferentially smooth valves) of each sample 
were investigated under a light microscope with a magnification of 400× to determine the shape of at 
least 30 sieve-pores following the method by ROSENFELD and VESPER (1976). For this analysis the state 
of valve preservation should be very good because even a minor recalcification can hamper the correct 
attribution of the sieve-pore types. The percentage of rounded shaped sieve-pores was used for calculat-
ing palaeo-salinities using a transfer function based on data by ROSENFELD and VESPER (1976) and own 
data from the Baltic Sea coast (FRENZEL, 2009). According to an exponential regression of field data by 
FRENZEL et al. (2011) the following formula was applied:
S = e–0.06 RS + 4.7,
where S = salinity [psu], RS = proportion of round sieve pores [%])
The correlation coefficient between measured and estimated salinities of this transfer function is 
R2 = 0.95.
Figure 1. The two forms of valve modification of Cyprideis torosa (JONES, 1850). 1: Strongly noded 
right femal valve, 2: Smooth left female valve, 3: Slightly noded left juvenile valve. Two types of sieve-
pore shape: a: Rounded shape, b: elongated shape.
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3. Localities and Ecology
The studied sites and most of the locations from literature are situated in Central and 
Northern Germany (Fig. 2). The recent climate in Central Germany lies within the European 
subcontinental climate zone (SCHRÖDER, 1986). The recent annual mean temperature in Cen-
Figure 2. German Quaternary localities with fossil Cyprideis torosa. Holocene marine locations 
are omitted because of the abundant distribution along the coasts. The palaeo-coastline of the Zech-
steinian Sea is plotted as a limit of evaporite distribution, potential sources for salty brines (after 
 KIERSNOWSKI et al., 1995). Ice-marginal grounds of the Weichselian, Saalian, and Elsterian glaciations 
are taken from LITT et al. (2008). Locality numbers refer to athalassic waters of Tab. 1; nr. 35 – 45 are 
marginal marine sites listed by FRENZEL and VIEHBERG (2004) for Mecklenburg-Vorpommern, by BENDA 
and MICHAEL (1966) and LORD et al. (1995) for Schleswig-Holstein and Niedersachsen (35 – Kühlungs-
born 36 – Grimmen [glacial erratic lump], 37 – Herrnburg, 38 – Schwaan, 39 – Klein Klütz Höved, 40 – 
Thürkow, 41 – Güstrow, 42 – Neubukow, 43 – Lüneburg, 44 – Hamburg-Blankenese, 45 – Eggstedt).
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tral Germany is 8–9 °C and the mean precipitation is 500 mm per year (SCHRÖDER, 1986). 
Precipitation clearly exceeds evaporation in the present climate.
The present review of athalassic occurrences of Cyprideis torosa in Germany is based on 
31 localities in total (Table 1 and 2; Fig. 1). There are much more German sites with marine 
influence because of a wide distribution of this brackish water species along the coast. An 
overview is given in FRENZEL and VIEHBERG (2004) and FRENZEL et al. (2010). In Table 1 all 
those German athalassic localities with C. torosa known so far are listed. In all these locali-
ties the material consists of either empty shells from surface sediments of modern waters or 
fossil shells from outcrops and cores.
4. Results and Discussion
4.1. Distribution of Cyprideis torosa-Thalassic (marginal marine) distribution
Cyprideis torosa is the most abundant and most frequently occurring marginal marine 
ostracod species in the Baltic Sea (FRENZEL et al. 2010) and of the German North Sea coast 
(KLIE, 1938). The data set used by FRENZEL et al. (2010) for their compilation on the ostracod 
fauna of the Baltic Sea enables an evaluation of modern salinity and water depth dependant 
distribution of C. torosa. The species clearly prefers shallow waters of maximum 10 m water 
depth (Fig. 3), less than the 30 m depth limit given by MEISCH (2000). A plot of C. torosa 
abundance versus salinity shows a minimum of 0.5 psu (Fig. 4). Lower values, i.e., in the 
freshwater range, are very rare and can be explained by short time variations in estuarine 
coastal waters. Maximum abundances are found around 1 psu; at 9 psu a sudden drop in 
numbers is recognizable. A second drop occurs at 14 psu and very low numbers are left from 
about 16 psu to the maximum of the studied salinity interval. The 9 and 14 psu thresholds 
interestingly coincide with ALADIN’s (1993) limits of osmoregulation. WAGNER (1964) gives 
2–16.5 psu as main distribution range for C. torosa, which is close to our general picture, 
despite the lower limit is a little too high. A combination of osmoregulation and competition 
driven abundance pattern for C. torosa in marginal marine environments of the Baltic Sea 
is assumed here.
Marine influenced fossil ostracod associations yielding C. torosa in northern Germany 
have been described several times (e.g., FRENZEL and VIEHBERG, 2004; BENDA and MICHAEL, 
1966; LORD et al,. 1995; compare Fig. 2). They clearly trace the coasts of the Eemian and 
Holsteinian seas. GRAMANN (2000) noted C. torosa to be an index fossil for coast lines of 
the geological past.
4.2. Nodes and Sieve-Pores
It is well known that Cyprideis torosa forms nodes on its valves under oligohaline condi-
tions. KEYSER (2005) explains the phenomenon by pathological reactions during the moult-
ing process; the formation of nodes is influenced by total ion concentration and Ca2+ avail-
ability. Different salinity limits for noded valves were proposed (VESPER, 1972; FRENZEL, 
1991; KEYSER and ALADIN, 2004; MARCO BARBA, 2010). It seems, however, that nodes 
occur mainly below the switching point of osmoregulation at about 9 psu (ALADIN, 1993) 
and become dominant within the E-oligohaline range (< 2 psu) (see FRENZEL et al., 2012 for 
details). This hypothesis applies for the marginal marine realm.
There is no stratigraphical/climatical pattern recognizable in the number of noded valves 
from athalassic localities (Table 2). Evaluating the proportion of node-bearing valves with 
palaeosalinity estimations for the material of Voigtstedt, Siebleben, Bad Laer, Salziger and 
Süßer See (see Sieve-pore analysis below), a high number for all sites would be expected, 
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Figure 3. Water depth dependant distribution of living Cyprideis torosa in 906 samples from the 
southern Baltic Sea coast (0.1–241 m water depth) based on an unpublished data set used for compila-
tion of FRENZEL et al. (2010) including data by DELLING (1981), KÖHLER (1990), ROSENFELD (1979) and 
USSKILAT (1975). The average graph (grey line) is smoothed. 
Figure 4. Salinity dependant distribution of living Cyprideis torosa in 903 samples from the southern 
Baltic Sea coast (0.1–28.8 psu) based on an unpublished data set used for compilation of FRENZEL et al. 
(2010) including data by DELLING (1981), KÖHLER (1990), ROSENFELD (1979) and USSKILAT (1975). The 
average graph (grey line) is smoothed.
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Table 2. Relative abundance and noding in Cyprideis torosa. Abundance: D = dominat-
ing, d = dominating in horizons, C = common, A = accessory. Noding: N = noded form, 
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M  = Middle, 
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with at least 10% of the valves being noded. This is not the case for Voigtstedt, where only 
smooth forms were found, and for Siebleben, where noded valves are less abundant than 
smooth valves. Only Salziger See shows a dominance of noded valves.
4.3. Sieve-Pore Analysis
Sieve-pores are external openings of normal pore canals trough the outer lamella pro-
vided with sieve-plates. Approximately 80 sieve-pores are located on an adult valve of Cyp-
rideis torosa. Sieve-pores include a bristle that protrudes out of the pore (ROSENFELD, 1982). 
ROSENFELD and VESPER (1976) discovered that sieve-pore shapes on valves of C. torosa vary 
due to different salinity conditions. The proportion of rounded shaped sieve-pores proportion 
decreases with increasing salinity. Based on this observation, the authors provide diagrams 
allowing estimation of palaeosalinity from rounded sieve-pore proportion of fossil C. torosa 
valves. This type of analysis needs adult valves in a very good state of preservation. 
Except the study by KEATINGS et al. (2007), the method has not been checked so far 
and the mechanism behind is not really understood. Testing the method on material from 
marginal marine settings of the Baltic Sea coast confirmed ROSENFELD and VESPER’S obser-
vations (FRENZEL, 2009). It remains unclear, however, if the transfer function is applicable 
to athalassic settings, where different water chemistry (ionic composition) could alter the 
results despite comparable salinity values.
The sieve-pore analysis resulted in lower salinity estimations than was expected for Voigt-
stedt, Siebleben, Bad Laer, and Süßer See. Reconstructed values are 0.2 to 0.4 psu in contrast 
to 0.5–4.5 psu estimated by mutual ecological tolerance data for Voigtstedt, 0.5–0.7 psu vs. 
0.5–3.0 psu for Siebleben, c. 1 psu vs. 0.5–4.4 psu for Bad Laer, 0.3–1.0 psu vs. 0.5–5.7 psu 
for Süßer See, and 0.3–5.0 psu vs. 0.5–3.0 (5.0) psu for Salziger See. The only location with 
matching salinity estimation from sieve-pore analysis is Salziger See. This is the same result 
as the matching estimation by the proportion of noded valves (see above).
A systematic error from sieve-pore analyses can be assumed when applying marginal 
marine observations to athalassic waters with differing ionic composition, but the general 
trends in sieve-pore proportions should be indicative of past salinity changes. KEATINGS et al. 
(2007) found higher estimations of salinity using sieve-pore counts in comparison to salin-
ity measurements in athalassic Lake Quarun, Egypt. The same overestimation is probable 
for Early Holocene sediments from an athalassic lake at Tayma, northern Saudi-Arabia 
(ENGEL et al., 2011). Those observed overestimations under poly- to hyperhaline conditions 
are in contrast to our general under-estimations in oligohaline inland waters of Germany. The 
reason for such contradictive systematic errors is probably due to different ionic composi-
tion of the individual waters. An explanation for the matching estimation in Salziger See 
could be a palaeo-water chemistry close to marginal marine conditions. Unfortunately, the 
ionic composition of the palaeo-lakes can not be reconstructed. Each lake could have had a 
different ionic composition. Furthermore, it is not known how salinity influences the sieve 
pore shape and which ions are crucial for their deformation.
Up to date, we are not able to reconstruct the palaeo-salinities of athalassic sediments 
when relying on C. torosa alone. Systematic observations on Recent C. torosa populations 
from athalassic environments could provide a clue for solving this problem.
4.4. Associated Fauna
There is a high number of ostracod species associated with Cyprideis torosa (Table 3). 
The analysis of 31 athalassic localities in Germany shows 127 species belonging to 39 gen-
era. The number of associated taxa along the Baltic coast is much lower (46 species and 
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Table 3. Ostracod species associated with Cyprideis torosa in athalassic water bodies in 
Germany. The ecological groups refer to the system of FUHRMANN (2006). *The stratigraphic 
position of the Grabschütz-Interglacial is discussed controversially (FUHRMANN, 2011 and 
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Table 4. Frequent ostracod species associated with Cyprideis torosa in German athalassic 
waters and marginal marine environments of the southern Baltic coast. The compilation is 
based on Tab. 3 for athalassic associations and on counts of living ostracods (see FRENZEL 
et al., 2010) from samples with at least 30 specimens of C. torosa for the marginal marine 
environments. There, the covered salinity range is 0.4 to 20.9 psu. Species frequency is given 
as: XX – in 75–50 %, X – in 49–25%, * – in less than 25% of localities. Species occur-
ring in no water type group in at least 25% of localities are omitted. The shading indicates 
associations characteristic for athalassic respectively marginal marine waters.















Cypridopsis vidua X * *
Cytherissa lacustris X * *
Heterocypris salina XX * * *
Herpetocypris reptans X * * *
Cyclocypris ovum X * * *
Cyclocypris laevis X * * * *
Candona candida XX * X * *
Pseudocandona compressa X * * X *
Candona neglecta XX * X X * *
Limnocythere inopinata XX X X XX *
Darwinula stevensoni X * XX * *
Cypria ophtalmica * X XX X * *
Cytheromorpha fuscata * X * * X *
Elofsonia baltica * * X X
Loxoconcha elliptica * * * * XXX
26 genera). Because of the qualitative and semiquantitative character of the faunistic data 
from athalassic localities, it is not possible to calculate diversity indices. However, in general 
lower diversities are expected in marginal marine ostracod assemblages containing C. torosa 
than in athalassic ones. 
The index species associated with athalassic C. torosa are Ilyocypris bradyi, Limno-
cytherina sanctipatricii, Pseudocandona marchica, and Ilyocypris gibba (Table 4). Other 
typical associated species are Cypridopsis vidua, Cytherissa lacustris, Heterocypris salina, 
Herpetocypris reptans, Cyclocypris ovum, Cyclocypris laevis, and Candona candida, which 
are all rare in marginal marine environments. The index species of thalassic brackish waters 
with C. torosa are Elofsonia baltica and Loxoconcha elliptica. Typical are Cypria ophtal-
mica and Cytheromorpha fuscata, both rare in saline inland waters. Regarding the species 
associated with C. torosa, a discrimination of athalassic and thalassic ostracod faunas is 
possible. This discrimination plays an important role in palaeogeographical studies in North 
Germany and other regions. 
A common companion of Cyprideis torosa is the gastropod genus Hydrobia, both in 
athalassic and marginal marine brackish waters. Interestingly, this gastropod is absent in 
modern athalassic saline waters (MENG et al., 2004; MENG, 2009; STRAHL et al., 2010). Other 
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taxa with a marine origin co-occurring with C. torosa, in Central Germany are foraminifers 
(WENNRICH et al., 2007).
In order to enable a more than Central European discrimination between athalassic and 
thalassic ostracod faunas containing C. torosa, discriminating genera from the study area 
were identified. Those are Eucypris and Limnocytherina as index genera and Cypridopsis, 
Cytherissa, Ilyocypris, Herpetocypris, Heterocypris, Potamocypris, and Cyclocypris as typi-
cal for athalassic waters (Table 5). Index genera for marginal marine environments associ-
ated with C. torosa are Cytherura, Elofsonia, Xestoleberis, Leptocythere, and Loxoconcha; 
typical are Cypria and Cytheromorpha.
Considering the presence of representatives of ecological ostracod groups sensu FUHR-
MANN (2006), we found the highest number of athalassic localities (28 from 34) with species 
from warm standing waters (summer forms), followed by species from permanent small 
water bodies and winter forms (27), species of the rhithron (22), and interglacial species (20). 
Interestingly, halophile species other than C. torosa are not so frequent (11 localities). This 
pattern confirms the assumption of permanent, warm and shallow water bodies as typical 
for the athalassic occurrence of C. torosa.
Table 5. Ostracod genera associated with Cyprideis torosa in athalassic brackish waters of 
Germany and in marginal marine environments of the southern Baltic coast. The compila-
tion is based on counts of living ostracods (see FRENZEL et al., 2010) from 402 samples 
containing C. torosa. The covered salinity range is 0.4 to 20.9 psu. XXX – in >75%, XX – in 
75–50%, X – in 49–25 %, * in < 25% of localities. Species occurring in no water type group 
in at least 25% of localities are omitted. The shading indicates the characteristic associations 
of genera for athalassic respectively marginal marine waters. 














Cypridopsis X * *
Cytherissa X * *
Ilyocypris XXX * * * *
Herpetocypris XX * * *
Heterocypris XX * * *
Potamocypris X * * *
Cyclocypris XX * X * *
Pseudocandona XX X X X *
Limnocythere XX X X XX *
Candona XXX X XX XXX X *
Darwinula X * XX * * *
Fabaeformiscandona X * X * * *
Cypria * X XX X * *
Cytheromorpha * X * * X *
Cytherura * * * X X
Elofsonia * * X X
Xestoleberis * * * X
Leptocythere * * XXX
Loxoconcha * * * * XXX
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5. Conclusions
For the colonization of an athalassic water body by Cyprideis torosa permanent, preferen-
tially larger, shallow, and warm water bodies with an increased salinity are needed. Differences 
in environmental or climatic conditions between today’s and interglacial fossil occurrences in 
general are not recognizable. There are many modern water bodies meeting the preferences 
of C. torosa in Central Germany. The lack of living C. torosa in that region, however, could 
be caused by drainage of many salty inland water sites during the last century. Nevertheless, 
empty valves of C. torosa are present in surface sediments of some localities. Athalassic and 
thalassic ostracod associations containing C. torosa are discriminable by their considerable 
differences in species composition. Whereas Loxoconcha elliptica, Elofsonia baltica, Cypria 
ophtalmica, and Cytheromorpha fuscata are associated ostracod species typical for the Baltic 
Sea coast, Ilyocypris bradyi, I. gibba, Limnocytherina sanctipatricii, and Pseudocandona 
marchica, are restricted to co-occurrences with C. torosa in German athalassic waters. On a 
generic level, typical coastal assemblages contain Cytherura, Elofsonia, Leptocythere, Loxo-
concha, and Xestoleberis, whereas Cypridopsis, Cytherissa, Eucypris, and Limnocytherina 
indicate brackish inland waters. The proportions of noded valves and round sieve pores are 
applicable to reconstruct trends of salinity changes in thalassic and athalassic environments. 
On the other hand, it is not possible to estimate exact salinity values using athalassic C. toro-
sa valves so far. Despite the depicted problems, sieve-pores analysis is a simple and impor-
tant tool to support palaeosalinity reconstructions, particularly when C. torosa is occurring 
monospecifically. Experiments are needed to evaluate the different chemical composition of 
athalassic waters and morphological responses of C. torosa. Both, faunal associations and 
morphological valve features are important for interpreting C. torosa occurrences from other 
regions.
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YDULLHUHQGHU 6DOLQLWlW LQ HLQHP GXUFK 6DO]DXVODXJXQJ VXEURGLHUWHQ %HFNHQV YRU PHKU DOV
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6DOLQLWlW XQG:DVVHUWLHIH DQ 'DV GRPLQDQWH ]XP 7HLO PRQRVSH]LILVFKH 9RUNRPPHQ YRQ
Cyprideis torosaLQGLHVHU3KDVHXQGELV]XP(QGHGHV$WODQWLNXPVVSULFKWIUHLQHQSHUPD
QHQWHQ 6HH 6LHESRUHQDQDO\VHQ DQCyprideis torosa ]HLJHQ HLQ 0D[LPXP GHU 6DOLQLWlW LP
PLWWOHUHQ$WODQWLNXP ,Q GLHVHU 3KDVH NDP DXFK GLH )RUDPLQLIHUHAmmonia tepida YRU ,P
JHVDPWHQ%RUHDOXQG$WODQWLNXPLVWCyprideis torosaQXUPLWGHQHEHQIDOOVVHKUVDO]WROHUDQ
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3.3.1 Aralsee in Kasachstan 
Beitrag 5: 
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3.3.2 Tayma in Saudi-Arabien 
Beitrag 6: 




WH HLQHQ IUKKROR]lQHQ 6HH GHUPLQGHVWHQV  -DKUH EHVWDQGHQ KDEHQPXVV2EZRKO GLH
6HGLPHQWHHLQHEUDFNLVFKH0LNURIDXQDXQG0DNURIDXQDHQWKDOWHQEHOHJWGDV9RUKDQGHQVHLQ









0(QJHO +%UFNQHU $3LQW .:HOOEURFN $*LQDX 39RVV 0*URWWNHU 1.ODDVHQ 3)UHQ]HO
.RQ]HSWLRQ ; ; ;
*HOlQGHDUEHLWHQ ; ; ; ; ; ; ;
'DWHQJHZLQQXQJ ; ; ; ; ; ; ;
'DWHQDXVZHUWXQJXQG
,QWHUSUHWDWLRQ ;
; ; ; ; ; ; ;
6FKUHLEHQ ; ; ; ;






The early Holocene humid period in NW Saudi Arabia e Sediments,
microfossils and palaeo-hydrological modelling
Max Engel a,*, Helmut Brückner a, Anna Pint a,b, Kai Wellbrock c, Andreas Ginau d, Peter Voss c,
Matthias Grottker c, Nicole Klasen a, Peter Frenzel b
a Institute of Geography, University of Cologne, Albertus-Magnus-Platz, 50923 Köln, Germany
b Institute of Earth Sciences, Friedrich-Schiller-University of Jena, Burgweg 11, 07749 Jena, Germany
c Laboratory of Urban Water and Waste Management, Lübeck University of Applied Sciences, Mönkhofer Weg 239, 23562 Lübeck, Germany
d Faculty of Geography, Philipps-University of Marburg, Deutschhausstr. 10, 35037 Marburg, Germany
a r t i c l e i n f o
Article history:
Available online 1 May 2011
a b s t r a c t
An early to mid-Holocene humid period has been inferred from a variety of geo-bio-archives of the
Sahara and the Arabian Peninsula including sabkhas, palaeo-lakes, sand dunes, wadis, speleothems or
marine sediments. On the Arabian Peninsula, most of these records are located in the southern and
southeastern part. Studies from the northern part are rare. This paper presents the ﬁrst results from
palaeo-environmental and hydrological investigations on the sabkha basin of the Tayma oasis, north-
western Saudi Arabia. Sedimentary characteristics, micro- and macrofauna, a digital elevation model
based on DGPS measurements, and 14C-AMS data indicate the presence of a perennial lake with
a minimum depth of 13 m, a stored water volume of 1.16  107 m3 and a surface of 18.45 km2 between
10,000e9000 cal BP. Foraminiferal test malformations and the shape of sieve pores on ostracod valves
were used to detect trends in palaeo-salinity and ecological stress conditions. The reconstructed gradual
contraction of the lake at least after 8500 cal BP reﬂects the long-term aridisation trend on the Arabian
Peninsula after the early Holocene. Based on the hydrological water balance equation, quantitative data
on minimum palaeo-rainfall during the early Holocene humid period were calculated. Input parameters
for the equation are the minimum lake level, lake surface, and lake volume during the peak of the early
Holocene humid period as well as palaeo-evapotranspiration, groundwater inﬁltration, and surface
runoff. Accordingly, a perennial lake in the endorheic basin of the modern sabkha with a lake level at the
same elevation as the uppermost shoreline deposit would have required a minimum annual precipitation
of 150  25 mm. This value amounts to c. 300% of recent precipitation rates.
 2011 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction
Holocene climate ﬂuctuations have been inferred from different
geo-archives of the Arabian Peninsula, such as palaeo-lakes, wadis,
sand dunes, speleothems or marine basins. Most of them are
located in its southern (e.g. McCorriston et al., 2002; Fleitmann
et al., 2003; Davies, 2006; Lézine et al., 2007) and southeastern
parts (e.g. Wood and Imes, 1995; Neff et al., 2001; Bray and Stokes,
2003; Radies et al., 2005; Parker et al., 2006; Fuchs and Buerkert,
2008). The central and northern parts e including most of the
Saudi Arabian Kingdom e are relatively unexplored.
Information on the Holocene palaeo-climate from the northern
section of the Arabian Peninsula is restricted to interdunal sedi-
ment records from the northwestern branch of the An-Nafud erg
which, according to investigations by Whitney et al. (1983) and
Schulz and Whitney (1986), provide evidence for the presence of
shallow lakes and swamps around 8400e5400 radiocarbon years
ago (c. 9500e5800 cal BP). Signs of early to mid-Holocene pedo-
genesis implying wetter conditions were found nearby at Jubbah
(Garrard et al., 1981). A northward shift of the intertropical
convergence zone (ITCZ) and associated monsoonal precipitation
during the early Holocene is generally accepted for the southern
and southeastern Arabian Peninsula (e.g. Fleitmann et al., 2003;
Radies et al., 2005). Based on absent Holocene speleothem
growth in northern Saudi Arabia, Fleitmann et al. (2004) assume
that the ITCZ might not have migrated farther than c. 23e24N.
This paper compiles ﬁrst results on a series of geoarchaeological
and palaeo-hydrological investigations in and around the oasis of
Tayma (Fig. 1), northwestern Saudi Arabia (27380N, 38330E). Its
focus is set on the implications of the sedimentary inﬁll and micro-
fossil record of a sabkha for regional palaeoclimatic changes
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throughout the Holocene. Major changes of the local environment
are reconstructed, considering the impact of a more humid phase
during the early Holocene as inferred from several geo-archives of
the southern/southeasternArabian Peninsula. Based on sedimentary
and geomorphologic evidence, radiometric dating, as well as
a detailed geodetic dataset and palaeo-hydrological modelling, the
aim is to present the timingofwet conditions, various aspects of local
environmental change and quantitative data on palaeo-rainfall.
2. Background
2.1. The oasis of Tayma
Tayma, situated at the northwestern branch of the An-Nafud
sand sea, is located in an area of rich archaeological heritage, and
can itself look back on a long settlement history. Almost full-size
human and cattle petroglyphs from the Tayma area show signiﬁ-
cant parallels to the Neolithic early Jubbah style rock art (Khan,
1988) and relate to a settlement pattern of “partially settled
communities based on small-to-medium-sized mammal herding”
(Masry, 1977, p. 11) at that time. Flint tools widely distributed in the
Tayma oasis were used to produce circular carnelian beads and are
ascribed to the ﬁrst phase of permanent settlement during the
late Chalcolithic to the early Bronze Age (4th-3rd millennium BC)
(pers. comm. C. Purschwitz). These industrial activities heralded the
period of permanent occupation from the mid-3rd millennium BC
until the advent of Islam (Eichmann et al., 2006a,b). Tayma’s
importance as a caravan city in the past is based on the high
abundance of artesian groundwater in attainable near-surface
layers and its position within a ramiﬁed trading network linking
Arabia to the major political and economic urban centres of Near
Eastern antiquity (Bawden et al., 1980). Remnants of an extensive
and sophisticatedwater management system (Hamann et al., 2008)
indicate a high level of socio-technical organisation. At its largest
extent, the ancient settlement exceeded the size of the modern
town (Fig. 1). The related city wall structures embrace an area of c.
8 km2 (Bawden et al.,1980)with a length ofmore than 18 km in total
(pers. comm. A. Hausleiter).
2.2. Physical setting
Tayma is built onOrdovician sandstone (Qasim Formation)which
is part of a Palaeozoic-Cenozoic sedimentary sequence overlying the
crystalline basement of the Arabian Shield. Today, erosion induced
by Mesozoic and Cenozoic uplift is dominant, resulting in the
denudation of the Arabian Shield in the westernmost part (Vincent,
2008). In the northern part of the oasis of Tayma, an endorheic
depression of about 20 km2 separates the settlement and the palm
groves from a retreating escarpment (Fig.1). It collects surface runoff
and sediment in the course of each rainfall eventwhenwadi systems
are activated. Its catchment area comprises c. 660 km2. This type of
intra-plateau basin with a ﬂat and shallow sedimentary cover char-
acterised by syndepositional intrasediment evaporation of capillary
brines may be deﬁned as an inland sabkha. Morphodynamic
processes such as aeolian erosion as well as aeolian and alluvial
accumulation are partly controlled by ﬂuctuations of the ground-
water level (Barth,1998;Warren, 2006). South-southwesterly winds
prevail at Tayma. Today, the area receives an average of 45 mm
annual rainfall which mostly occurs between November and April.
Daytime temperatures ﬂuctuate around 10 C inwinter andmay rise
above 40 C in summer. Vegetation is very sparse including perennial
shrubs and annual grasses (Vaslet et al., 1994).
3. Methods
FieldworkatTaymacomprisedvibracoring inside thesabkhageo-
archive using an Atlas Copco, type Cobra mk1 ﬁtted with open steel
auger heads (diameter: 5 and 6 cm). The stratigraphy was described
in the ﬁeld in terms of colour according to the Munsell Soil Color
Chart, grain size and rounding, as well as texture and carbonate
Fig. 1. Digital elevation model (DEM) of the Tayma oasis showing sampling sites as well as the location of the electrical resistivity tomography proﬁle. The reconstruction of the
ancient city wall system is according to Schneider (2010). The location of the oasis on the Arabian Peninsula is indicated on the overview map (lower left).
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content (qualitatively by HCl [10%]) as recommended by AG Boden
(2005). Macroscopic faunal and ﬂoral remains as well as evaporite
minerals were also recorded. The grain size distribution of selected
cores was analysed by means of laser diffraction spectroscopy
(Malvern Mastersizer 2000). Mean grain size distribution was
calculated by Gradistat software (Blott and Pye, 2001). Carbonate
content of the entire coring series was measured using a Scheibler
apparatus following the method outlined in Beck et al. (1993).
Further sedimentary analyses are in progress. For quantitative anal-
yses of the microfossils in the sediment cores, the sediment fraction
200e1000 mm was investigated using a binocular microscope. Age
estimates are based on 14C-AMSdata (Table 1) anddiagnostic pottery
(Fig. 3). 14C-AMS data based on shells, ostracods and seeds were
calibrated by means of Calib 6.0.1 software (Reimer et al., 2009). No
conﬂicting radiocarbon ages or age inversions were observed in this
study. Even though 14C analysis on terrestrial shells may lead to age
overestimation due to the hard water effect (Garcia et al., 1992),
several sites similar to the environment of Tayma showed that these
errors are rather insigniﬁcant (Davies, 2006; Lézine et al., 2007).
Along the margins of the sabkha, two massive sediment bodies
of bioclastic material were discovered. They were sampled for
microfaunal analyses. Foraminifera and Ostracoda were identiﬁed
under a binocular microscope up to a total number of 300 speci-
mens for each group. At the same time, the rate of test malforma-
tions was recorded. The shape of 30 sieve pores of ten ostracod
carapaces (Cyprideis torosa) per sample was recorded (round,
elongate or irregular) using a light microscope (400x) following the
approach of Rosenfeld and Vesper (1977).
Positions of all sampling sites as well as the topography were
measured by DGPS (rover: Trimble R8 GNSS-Receiver; controller:
Trimble TSC2; radio unit: Trimble PDL 450) in UTM zone 37N
projected on the common WGS84 reference ellipsoid.
In order to calculate early Holocene rainfall and potential
evaporation, a high-resolution digital elevation model (DEM) was
established based on DGPS and tachymeter measurements (Fig. 1).
Inside the palm groves, DGPS measurements provided only very
few data points. For this area, SRTM elevation data was calibrated
by the sparse DGPS data.
Electrical resistivity tomographies (ERT) have been performed
along 2D-proﬁles with equidistant spacing (1e4 m) of 80 ActEle
electrodes using a multi-electrodes-apparatus 4Punkt Light High
Power of LGM Comp. Data handling and tomographic inversionwas
achieved by Geo-Test software applying Wenner Conﬁguration.
Several proﬁles were extended using the roll-on technique.
4. Results and discussion
4.1. Sabkha stratigraphy
The core transect indicates that the sabkha of Tayma developed
in an endorheic bedrock depression while the old town and the
palm groves of the settlement are situated at an elevated level on
the subterraneously inclining bedrock (Figs. 1e3). Overlying the
Ordovician sandstone bedrock is a unit dominated by clay and silt
which contains several indicators for slightly saline lacustrine
deposition. At site Tay 52, cored in a private garden in the centre of
the historical part of Tayma, the deposit contains high concentra-
tions of (par-)autochthonous ostracod valves (C. torosa) and fora-
minifer tests (Ammonia tepida) (Fig. 4). Both species are outstanding
opportunists tolerating wide ranges of salinities (Vesper, 1972;
Almogi-Labin et al., 1992; Handl et al., 1999; see also section 4.2).
Towards the sabkha, the lacustrine deposit shows ﬁne lamination
(Tay 51, Tay 54) and is severely altered due to the precipitation of
capillary evaporites, mainly gypsum, carbonates and halite. Input of
sediment into a palaeo-lake during periodic activation of wadis
resulted in the formation of millimetre-scaled, quartz-dominated,
ﬁning-up sequences. The basal sandy part may have provided an
aquifer for the circulation of pore water out of which aragonite
precipitated (Ginau, 2010). However, syndepositional formation of
the carbonates as pelagic rain due to brine concentration at the
water surface as described byHeim et al. (1997) ismore likely. Based
on similar “laminated marls”, Parker et al. (2006, p. 472) infer
deposition in a relatively deep permanent water body during early
Holocene times at Awaﬁ, UAE. Gasse et al. (1987) associate lami-
nated carbonates with the highest Holocene water levels of a lake
(Daiet al Melah) at the northwestern Saharan margin.
Evaporites within the sediments (capillary evaporites) precipi-
tate due to a high evaporation efﬁciency in recent times as their
concentration increases within interstitial pore water. Diffusional
forces drive lateral and vertical inﬂow of groundwater into the
sabkha basin. Idiomorphic evaporite minerals reach diameters of
up to 5 cm and their abundance increases towards the lowest parts
of the sabkha (Tay 35, Tay 41). Less soluble salts such as bassanite
and anhydrite dominate the marginal cores (e.g. Tay 58), while
halite is dominant in the central cores (e.g. Tay 43), in particular at
the surface. On a vertical scale inside the sabkha, sulphates and to
a lesser extent carbonates are present within the ﬂuctuation zone
of the ground water level (from the bottom up to approx.1 m below
surface [b.s.]) (Ginau, 2010).
Towards themargins where the original accumulation pattern is
still preserved, wood, plant ﬁbres, and seeds of Ruppia maritima
(Tay 58) e a therophytic hydrohalophyte usually found in coastal
waters (Khan and Qaiser, 2006)e clearly indicate a perennial saline
lacustrine environment (Fig. 2). The uppermost part of this lith-
ofacies unit related to the Holocene maximum lake expansion was
radiocarbon dated to 9435e9136 cal BP (Tay 58/14), 8752e8457 cal
BP (Tay 58/13H), and 8702e8451 cal BP (Tay 54/14).
Gastropod shells and barnacle fragments are abundant within
the overlying unit inside the sabkha basin. C. torosa and A. tepida
occur less frequently (Fig. 2). However, according to theﬁne-grained
primary texture, this layer is also assumed to reﬂect a lacustrine
environment, even though it is most likely associated with
a contraction of the water body. Lacking microfossils in the upper
part were initially thought to indicate temporary desiccation. Even
Table 1
Details on radiocarbon data used in this study. Calibrationwas carried out using Calib 6.0.1 software (Reimer et al., 2009). KIA¼ Leibniz-Laboratory for Radiometric Dating and
Isotope Research, Christian-Albrechts-University of Kiel, Germany. UGAMS ¼ Center for Applied Isotope Studies, University of Athens, Georgia, USA.
Sample Depth
(cm b. s.)
Lab ID Material d13C (&) 14C age Age cal
BP (2s)
Tay 54/14 310e305 KIA34034 plant remains 26.5  0.3 7805  45 8702e8451
Tay 58/13H 350 KIA34033 wood 27.6  0.2 7820  45 8752e8457
Tay 58/14 358e353 KIA35465 seeds 14.0  0.4 8300  45 9435e9136
Tay 11/6 10e5 KIA34032 gastropod shells 5.78  0.1 8125  45 9251e8992
Tay 11/2 210e205 KIA34027 gastropod shells 0.53  0.2 8980  45 10,235e9923
Tay 177/21 5 UGAMS7583 ostracods 4.2 8250  35 9401e9091
Tay 177/10 120 UGAMS7582 ostracods 3.8 8530  30 9542e9486
Tay 177/1 205 UGAMS7581 ostracods 4.1 8740  30 9887e9562
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though C. torosa is adapted to strongly ﬂuctuating ecological
conditions (Handl et al., 1999) with salinities of up to 90&, these
populations cannot reproduce without permanent water cover
(Anadón et al.,1986; Gasse et al.,1987). However, desiccation events
in this early stage can probably be excluded due to the presence of
aragonitic laminae precipitated from thewater column (openwater
evaporites) up to 1.20m b.s., for instance at Tay 58 (Fig. 2). Increased
occurrence of shells and barnacle remains may be attributed to
reworking from the massive bioclastic deposits (Tay 11/177; Fig. 5)
along the sabkha margins representing former lake shorelines.
A hiatus was determined in the area of the old town of Tayma
(Tay 52) and the palm groves (Tay 44, Tay 48, Tay 49) between
the lacustrine lithofacies and the overlying anthropogenically
disturbed deposits. While the lacustrine layer corresponds to the
early Holocene 14C-AMS data from the sabkha basin (Tay 54, Tay 58;
Table 1), the following unit of poorly sorted sand and silt could not
Fig. 3. Stratigraphic transect from the old town across the sabkha with preliminary lithofacies interpretation. For the location of the transect see Fig. 1. Ceramic sherds were ﬁrst
determined by M. Möhle. The current chronological interpretation is based on pers. comm. A. Hausleiter and F. Tourtet.
Fig. 2. Sediment core Tay 58 showing data on mean grain size, carbonate content and the occurrence of Cyprideis torosa as well as seeds of Ruppia maritima. A legend and
preliminary lithofacies interpretation are provided in Fig. 3. For the location of the core see Fig. 1. Upper right: photo of core Tay 58. Lower right: (sub-)millimetre-scaled lamination
of carbonate layers and clastic silt at 2.66-2.47 m b.s. (below surface).
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Fig. 5. Bioclastic deposit Tay 11/177 preserved in an incised section of the lowermost escarpment at the northeastern sabkha margin (cf. Fig. 1). Its surface is located at an elevation
of 811.5 m a.s.l. and it has a vertical extension of up to 240 cm. Percentages of foraminiferal taxa, test malformations as well as round sieve pores on ostracod valves are presented.
The right photo shows the trench which was dug for sampling. Upper left: close-up of the deposit indicating the dominance of gastropod shells and fragments of Balanus sp. over
quartz grains (scale: 10 cm). Lower left: Balanus sp. in living position directly attached to the bedrock indicates in-situ sedimentation at Tay 11/177.
Fig. 4. Microfossils from Tayma, white scale: 0.1 mm. 1: Ammonia tepida (Cushman, 1926), normal test, spiral view. 2: A. tepida (Cushman, 1926), chamber deformation, spiral view. 3:
A. tepida (Cushman, 1926), changes of growth direction, spiral view. 4: A. tepida (Cushman, 1926), multiple test. 5: Quinqueloculina sp., normal test. 6: Quinqueloculina sp., chamber
deformation. 7: Quinqueloculina sp., changes of growth direction. 8: Quinqueloculina sp., multiple test. 9: Miliolinella sp., normal test. 10: Miliolinella sp., changes of growth direction. 11:
Rosalina sp., normal test, spiral view. 12: Cyprideis torosa (Jones, 1850), female left valve.
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have accumulated before the 1st millennium BC according to the
presence of ceramic fragments (Tay 44, Tay 48, Tay 49). Diagnostic
sherds of local fabric 3a-d/4a-b ([1] and [8] in Fig. 3) and fabric 2
([4] in Fig. 3) were found in the basal part close to the lower facies
boundary. Further anthropogenic signatures include bone frag-
ments and charcoal.
Inside the sabkha, the amount of quartz sand increases at the
top of the sequence, indicating contraction of the lake, further
aeolian inﬂuence and, ﬁnally, a shift to a decreasing frequency and
duration of standing water conditions. The environment may be
interpreted as a salt marsh similar to descriptions in al-Bakri’s
“Mu’jam”, a descriptive geographic compendium from the 11th
century AD, where the area north of the oasis of Tayma is named
“al-‘Aqirah” which may be translated as “to hinder or to obstruct
marching forward” (Al-Najem, 2000, p. 192). The southern part of
the sabkha at the transition to the palm grove is separated by a low
earthen wall (Fig. 1) which connects the two massively built
branches of the outer city wall (Schneider, 2010). This section must
be younger than the oldest parts of the wall system (mid-3rd mill.
BC according to Engel et al., 2009; Klasen et al., 2011). The low dam
indicates that the sabkha area itself still provided an obstacle to
invaders (impenetrable salt marsh) most likely due to a shallow
remnant of the former lake. However, the dam was sufﬁcient to
protect the agricultural compounds within the city wall system
from the intrusion of salty water in case the sabkha was ﬂooded or
the shallow lake level rose in the course of rainfall events (Hamann
et al., 2008).
4.2. Palaeoecology of the lake based on microfaunal evidence
At the northeastern sabkha margin (Tay 11/177), a bioclastic
deposit is preserved where the lowermost escarpment is incised
(Figs. 1 and 5). It consists of gastropod shells of Melanoides tuber-
culata, Hydrobiidae and Cerithium sp., barnacle fragments, valves of
C. torosa, a low-diversity foraminiferal thanatocoenosis as well as
minor proportions of siliciclastic sand. At Tay 11/177, the sediment
body has a thickness of 240 cm. Its upper limit is located at 811.5 m
a.s.l. (above mean sea level), i.e. approx. 11 m above the bottom of
the present-day sabkha. A consistent age model was established
ranging from c. 10,000 to 9000 cal BP (Fig. 3, Table 1). It is the
uppermost local occurrence of any Holocene lacustrine traces. Thus,
it is inferred that the deposit coincides with the youngest humid
period on the Arabian Peninsula. Reworking of the deposit can be
ruled out since barnacles in living position were found (Fig. 5) and
neither the ostracod valves nor the foraminifer tests show any signs
of transport (Fig. 4). A former lake shoreline at an elevation of
around 811.5 m a.s.l. is also supported by ERT 28 (Fig. 6). Very low
resistivity values (less than 30 Um) on top of the lowermost
escarpment at the northern sabkhamargin near Tay 11/177 indicate
high concentrations of salt likely deriving from salt water intrusion
during the peak of the lake period.
Monotonous ostracod populations dominated by C. torosa and
the dominance of the gastropodM. tuberculata among the species-
poor gastropod population indicate ecological stress, thereby
implying strong ﬂuctuations in salinity and nutrient supply.
M. tuberculata was found to withstand salinities of up to 23&. The
species dwells in littoral habitats of freshwater lake bodies in
a water depth of around 2 m and feeds on aquatic and subaquatic
plant detritus. The shells typically accumulate along the shores of
lakes (Leng et al., 1999; Plaziat and Younis, 2005). The highly
concentrated occurrence of barnacles in non-marine environments
is rare (Foster, 1987). Birket Gessabia in the Siwa Oasis, Western
Desert of Egypt, is one of the few sites where large inland pop-
ulations have been reported. It is assumed that specimens of
Balanus amphitrite were introduced by birds (Omer-Cooper, 1937).
Marginal or non-marine environments with large populations of
B. amphitrite are characterised by warm waters and salinities up to
40e45& (Por, 1972; Plaziat, 1991; Shalla et al., 1995).
The foraminiferal assemblage is dominated by A. tepida
throughout the proﬁle. Its dominance slightly increases from the
bottom to approx. 50 cm below surface (b.s.). A. tepida is repre-
senting a group of small ubiquitous euryhaline foraminifera
occurring frequently in shallow and saline inland lakes (Wennrich
et al., 2007). They are well adapted to temporary ﬂuctuations in
salinity but require permanent water cover. In themarginal shallow
water environments of the Dead Sea, A. tepida develops dense
monospeciﬁc populations within microbial mats (Almogi-Labin
et al., 1992). Outstanding opportunism of A. tepida and the large
distance to the nearest marine environment (Red Sea: >250 km)
give reasons for the low foraminiferal diversity (cf. Wennrich et al.,
2007). The remaining taxa Quinqueloculina spp.,Milionella, spp. and
rare tests of Rosalina sp. (Fig. 4) also indicate high concentrations of
dissolved solids. At Lake Qarum, Egypt, occurrences of Quinquelo-
culina were found to positively correlate with salinity (Abu-Zied
et al., 2007).
Following own observations of several foraminiferal assem-
blages (Aral Sea, central Germany, Patagonia, Baltic Sea, Black Sea),
the rate of malformation seems to be extraordinarily high in
athalassic environments (Pint and Frenzel, unpubl. data). It posi-
tively correlates with ecological stress and instability of ecological
conditions, such as strong variations in salinity and temperature,
hypo- and hypersalinity, oxygen deﬁciency, critical trophic condi-
tions and mechanical stress (Almogi-Labin et al., 1992; Geslin et al.,
2000; Wennrich et al., 2007 and references therein). At Tay 11/177,
the rate of test malformation ﬂuctuates though it follows a positive
trend towards the top of the proﬁle.
Sieve pores of ostracods (Fig. 7) provide access for sensory
bristles (sensilla) allowing the individual to generate information
about the environment (Athersuch et al., 1989). Their shape was
studied since it correlates to the level of salinity (Rosenfeld and
Vesper, 1977; Frenzel and Boomer, 2005; Keating et al., 2007).
Even though the percentage of rounded sieve pores is ﬂuctuating
throughout the proﬁle and shows high standard deviations even
within the same sample, a general trend towards an upward
decrease was observed. Both the upward decrease in round sieve
pores and the increase in foraminiferal test malformation indicate
increasing salinity and ecological stress from 10,000 to 9000 BP.
At the southwestern margin of the sabkha, another disjunct
bioclastic deposit of similar composition was found (Tay 180;
Fig. 8). Both Tay 11/177 and Tay 180 belong to the same endorheic
depression, i.e. the same palaeo-lake basin. Tay 180 is attached to
an outcropping sandstone ridge onwhich the archaeological site of
Fig. 6. Electrical resistivity tomography proﬁle 28 (ERT 28) situated in the vicinity of
Tay 11/177 (for location cf. Fig. 1) indicating a shoreline of a palaeo-lake at c. 811 m a.s.l.
Low resistivity values indicate salt concentrations in joints of the bedrock.
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Qasr al-Hamrawas founded. Due to its lower elevation (806m a.s.l.)
it is assumed to have accumulated after the onset of long-term lake
contraction and associated lowered lake levels. Thus, it is likely
younger than Tay 11/177 (10,000e9000 cal BP) and signiﬁcantly
older than 3000 BP according to the low position of the anthro-
pogenic layers containing diagnostic pottery from the 1st mill. BC in
sediment cores Tay 49 (c. 801.5 m a.s.l.), Tay 48, and Tay 44.
A. tepida is the only foraminiferal species present in the lower-
most samples of Tay 11/177. Towards the upper part of the proﬁle,
Quinqueloculina spp., Milionella spp. and even several tests of
Rosalina sp. were found. Test malformations show an upward
decrease while the percentage of round sieve pores in C. torosa
increases. Both parameters indicate a general decrease in salinity.
Even though the proﬁle may indicate a relative shift to more stable
ecological conditions providing niches for other taxa than A. tepida,
absolute values of salinity exceeded the ones of Tay 11/177. It may
be inferred that the bioclastic deposit is the result of a second wet
phase interrupting the long-termmid- to late Holocene aridisation.
4.3. Palaeo-hydrological modelling
Saline inland lakes are precise recorders of hydrological and
climatic changes since their water volume is primarily controlled
by effective precipitation (Keating et al., 2007). Based on the ﬁnd-
ings of palaeo-lake sediments within the sabkha basin of Tayma
(Chapter 4.1) and spatially limited bioclastic sediment bodies as
indicators of former shorelines of a perennial lake (Chapter 4.2),
a hydrological water balance equation was established implying
a stable water level from year to year (Wellbrock and Grottker,
2010). It enables quantitative estimates for palaeo-hydrological
parameters such as rainfall. Several simplifying assumptions were
made in order to solve the equation.
The water balance equation for a closed drainage basin in
a certain time span is deﬁned as
Qin þ GWin þ N ¼ Qeff þ GWeff þ E (1)
where Q is the annual surface runoff volume (inﬂux and efﬂux), GW
is the amount of annual groundwater volume (inﬂux and efﬂux), N
is the annual volume of rainfall which directly precipitates into the
sabkha and E is the annual evaporation volume. Since the endorheic
depression has no outlet (Qeff ¼ 0) and the amount of groundwater
inﬂux was assumed to be insigniﬁcant (GWin ¼ 0) during the
presence of a lake body (cf. Tyler et al., 2006), solving equation (1) is
straightforward.
The inﬁltration volume (GWeff) is determined by the perme-
ability of the palaeo-lake bottom. The permeability coefﬁcient was
estimated to be kf ¼ 1010 m s1 which is in line with mean rates
from other desert sandstone environments (Heilweil et al., 2006). It
alsomatches empirical values for permeability of silt or clay. Both of
them are predominant sediment fractions within the sabkha.







Alake;i1  kf (2)
where i indicates the months of a year. The lake surface is repre-
sented by Alake. However, GWeff was found to be less than 2% of
annual surface runoff volume (Qin).
EarlyHolocene insolationwasonly slightly higherduring the early
Holocene due to orbital forcing (less thanþ 5% according to Claussen
et al., 1999; peak levels of þ 8% according to deMenocal et al., 2000)
and thus, inﬂuenced evaporation rates only marginally. An annual
palaeo-evaporation rate of he ¼ 1500  100 mm a1 was assumed,
Fig. 8. Bioclastic sediment deposit Tay 180 attached to the sandstone ridge of Qasr al-Hamra (cf. Fig. 1). Its surface is located at an elevation of 806 m a.s.l. and it has a vertical
extension of 160 cm. Percentages of forminiferal taxa, test malformations as well as round sieve pores on ostracod valves are presented. The right photo shows the investigated
outcrop. Upper left: Balanus sp. in living position directly attached to the bedrock indicating in-situ accumulation of the deposit. Lower left: inclining bioclastic strata towards the
sabkha centre (270 perspective from the photo on the right).
Fig. 7. Shapes of sieve pores according to Rosenfeld and Vesper (1977). The scanning
electron microscope (SEM) picture shows a female specimen of Cyprideis torosa taken
from Tay 59 (cf. Figs. 1 and 3) (Ginau, 2010).
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which is similar to recent values (he ¼ 1700 mm a1 according to
Trabucco and Zomer, 2009) but reduced due to a likely denser cloud
cover at that time. The denser cloud cover is related to the higher








depending onmonthly evaporation (he,i) and the lake surface of the
previous month (Alake,i-1).








where Acat represents the catchment area and hn,i the monthly
precipitation. The runoff coefﬁcient r indicates the amount of
rainfall which effectively becomes surface runoff. It was estimated
according to the empirical equation for arid environments of S¸en
(2007):
r ¼ 1 eks (5)
The runoff exponent ks represents the surface texture (ks
[Quaternary sand]¼ 0.3; ks [sedimentary rocks]¼ 0.5). Thus, for the
Tayma area, characterised by Quaternary sand deposits (c. 70%) and
sedimentary rocks (c. 30%), r is considered to be at a range of
0.3  0.05. Other potential determinants of r such as mean surface
slope, vegetation, size of the catchment area and temporal distri-
bution of precipitation events only play a minor role in arid envi-
ronments (S¸en, 2007). The empirical veriﬁcation of these runoff
coefﬁcients is in progress.
In order to evaluate evaporation rates (E) and inﬁltration rates
(GWeff), the lake’s surface Alake has to be determined. Therefore, the
capacity curve, i.e. the relationship between water level h, stored
water volume V and the lake’s surface [Alake ¼ f(V, h)], was derived
by high-resolution surveying using DGPS. According to the upper
limit of the shoreline deposit of 811.5 m a.s.l. (Tay 11/177),
a minimum lake surface of 18.45 km2 and a stored water volume of
1.16  107 m3 were calculated for the peak of the early Holocene
wet period. Sediment accumulation within the sabkha since the
early Holocene has been neglected. Though sediment inﬁll inﬂu-
ences the capacity curve of the model, it does not change the
modelled lake surface which calculations of evaporation and inﬁl-
tration depend on.
For solving the hydrological water balance equation (1), at ﬁrst
a hypothetical annual precipitation rate hnwas chosen. Afterwards,
the monthly distributions of annual rainfall and reference evapo-
transpiration rates (he¼ 1500 100mm a1) ﬁtting today’s climate
pattern were assumed (Fig. 9), i.e. rainfall during wintertime and
high evaporation rates during the summer, as it is typical for non-
monsoon affected climates. Monthly rainfall hn,i has been assumed
as singular rainfall events in order to neglect transmission losses of
small rainfall events since they are already considered by the runoff
exponent ks (5). The monthly runoff volume Qin,i depending on
monthly precipitation hn,i was calculated. Using the capacity curve,
the lake surface Alake relying on stored water volume for each
month was determined and hence the monthly inﬁltration GWeff,i
as well as the monthly evaporation volume Ei were calculated. For
the calculation of the following month, another initial water
volume taking the changes of the previous month into account was
applied, and so on. Finally, after the calculation of each month for
a whole year, the hydrological water balance has to be fulﬁlled. The
annual precipitation rate hn had to be changed iteratively until the
initially stored water volume equated to the ﬁnal water volume.
Thus, the annual precipitation rate for the peak of the early Holo-
cene lake period (c. 10,000e8500 BP according to 14C-AMS data of
Tay 11/177, Tay 54 and Tay 58) was estimated to have been
hn ¼ 150  25 mm a1 considering an annual reference evapo-
transpiration rate of he ¼ 1500  100 mm a1 (Fig. 10).
By calculating palaeo-rainfall the same way but considering
a monsoon-type climate pattern (rain periods during summer,
lower reference evapotranspiration of approx. he¼ 1400mm/a), hn
yields 136  23 mm a1. This is within the range of the results
Fig. 9. Reconstructed seasonal distribution of precipitation and reference evaporation
for the peak of the early Holocene lake period (c. 10,000e9000 BP) taking into account
the recent annual climate pattern, annual reference evapotranspiration of
1500  100 m a1 and annual precipitation of 150  25 mm a1 (after Wellbrock and
Grottker, 2010).
Fig. 10. Reconstructed annual precipitation hn and reference evapotranspiration he
rates for different mean runoff coefﬁcients r and an equal water balance at a water
level of 811.5 m a.s.l. (after Wellbrock and Grottker, 2010). As shown in this ﬁgure,
a climate shifting from cooler and wetter conditions during the second lake period
(around 9000 BP) to the recent hyperarid climate should be assumed.
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regarding the recent climate pattern and, thus, does not entirely
exclude monsoonal inﬂuence for the early Holocene of northern
Arabia.
4.4. Synthesis e climate and environment
So far, a humid period around 9500e5800 cal BP was recon-
structed based on calibrated 14C data of palaeo-lake beds in inter-
dunal depressions of the An-Nafud desert (Whitney et al., 1983;
Schulz and Whitney, 1986). Further regional sedimentary records
are scarce and a pilot studyon speleothems in northern Saudi Arabia
even failed to provide any evidence for increased humidity during
the early Holocene (Fleitmann et al., 2004). However, in the central
and southernArabian Peninsula and the Sahara the establishmentof
lakes during this wet period was investigated in more detail (e.g.
McClure, 1976; Gasse et al., 1987; Plaziat, 1991; Baumhauer et al.,
2004; Radies et al., 2005; Parker et al., 2006; Lézine et al., 2007,
2010; Fuchs and Buerkert, 2008; Schütt and Krause, 2009). These
records indicate that after a dry post-LGM phase culminating in the
Younger Dryas (Fuchs and Buerkert, 2008), precipitation increased
abruptly at the onset of the Holocene. In the southern Arabian
Peninsula this is due to a temporary northward shift of the ITCZ
which triggered a strengthening of the Indian Ocean monsoonal
rainfall during summer. ITCZ migration is controlled by orbital
forcing determining solar radiation on earth. After 8000 BP,
monsoonal inﬂuence gradually decreased due to a slow southward
shift of the ITCZ (Fleitmann et al., 2003). According to Arz et al.
(2003, p. 121), it is unlikely that the ITCZ migration reached
northern Saudi Arabia during the early Holocene. Instead, stronger
inﬂow of cool continental air masses in wintertime (Arctic oscilla-
tion) and a “monsoon-type circulation pattern” due to increased
land-sea temperature discrepancies e both originating from the
southeastern Mediterranean e may have resulted in positive
precipitation anomalies on the northwestern Arabian Peninsula.
However, neither based on the sediment archive nor the water
balance equation from this study, the source or season of moisture
can be determined.
At Tayma, the increase in rainfall created a permanent lake
environment at least since 10,000 BP according to the age model of
Tay 11/177. Pre-8500 cal BP sediments in core Tay 58 indicate that
the lakewas at least 13mdeep. Based on theDEM, it had aminimum
surface of 18.45 km2 andwater volume of 1.16107m3. Its southern
extent reached far into the recent settlement of Tayma. The aquatic
fauna e most likely introduced by birds (cf. Omer-Cooper, 1937;
Wennrich et al., 2007) e reveals low-diversity but high population
densities. Low-diversity foraminiferal assemblages indicate
ecological stress. The abundant marine taxa, shapes of the sieve
pores of the ostracod C. torosa, and foraminiferal test malformation
rates point to saline conditions and may already reﬂect an aridisa-
tion trend between 10,000 and 9000 BP. These ﬁndings are sup-
ported by sediment cores Tay 54 and Tay 58 which indicate lake
shrinking after 8500 BP at the latest (Ginau, 2010). This is roughly in
line with estimations by Schulz and Whitney (1986) for the nearby
An-Nafud and also matches the timing deduced at Sedd adh Drah,
Yemen (Davies, 2006), the Maqta oasis, northern Oman (Fuchs and
Buerkert, 2008) or the eastern Sahara (Kuper and Kröpelin, 2006).
Subsequent gradual aridisation, salinisation and contraction of the
lake were interrupted by a temporary decrease of salinity inferred
from a stable shoreline at Tay 180. This second wet phase may
correspond with mid-Holocene ages obtained from lake deposits
from the An-Nafud (Schulz and Whitney, 1986) and other locations
on the Arabian Peninsula (McClure,1976; Davies, 2006; Parker et al.,
2006). The exact time of the shift from a permanent to a periodic
lacustrine regime could not yet be determined, although the pres-
ence of a lake with only a fraction of its early Holocene size
surrounded by salt marsh conditions during the 5the4th millen-
nium BP when the city wall system of Tayma was erected (Engel
et al., 2009; Schneider, 2010; Klasen et al., 2011) is assumed. Agri-
cultural sites north of the settlement were protected from ﬂooding
by only low earthen dams.
For a late Pleistocene, probably more humid period
(34,000e24,000 BP according to 14C data of Whitney et al., 1983;
Schulz and Whitney, 1986; MIS 5 according to U/Th-dated cave
deposits and speleothems, cf. Immenhauser et al., 2007; Fleitmann
and Matter, 2009), an annual precipitation of 200  50 mm a1 was
assumed byWood and Imes (1995) based onmodels of groundwater
recharge for the southernpart of the Arabian Peninsula. These results
are supported by the estimation of annual precipitation from this
study (150  25 mm a1), because the Holocene lake period is
supposed to have been less pronounced (Whitney et al.,1983; Schulz
and Whitney, 1986). Palaeo-rainfall seems to have been at least
c. 300%of recent precipitation rates.However, it shouldbeconsidered
that the results provide approximate values of early Holocene annual
rainfall and that simplifying assumptionsweremade inorder to solve
the water balance equation.
A maximum palaeo-shoreline at 811.5 m a.s.l. is a conservative
assumption and so is the estimation of palaeo-rainfall rates. Higher
lake deposits may have been eroded. A lake level of 818 m a.s.l., for
instance, would have increased the lake surface by 22% (cf. Chapter
4.3). Due to a higher evapotranspiration and inﬁltration volume,
the annual precipitation rates would have been in the range of
180  30 mm a1.
By means of the seasonal distribution of runoff (calculated from
monthly precipitation) and reference evapotranspiration it was
possible to estimate the water level hydrograph for the early
Holocene palaeo-lake. Taking monthly surface runoff volumes and
losses due to evaporation and inﬁltration into account, water levels
were determined by means of the capacity curve indicating
maximum interannual ﬂuctuations of c. 80 cm. It is expected that
precipitation occurred mostly as rainfall events. Wadis were acti-
vated only intermittently albeit the sabkha itself had a perennial
regime. After individual rainfall events, the water level may have
risen by more than 20 cm. Activated wadis then transported up to
4% of the already stored water volume into the sabkha and thus
caused a highly ﬂuctuating environment regarding water level,
salinity and nutrients (Wellbrock and Grottker, 2010). This ﬁts well
with the impoverished faunal assemblages found in the sedimen-
tary record.
5. Conclusion
The oasis of Tayma in northwestern Saudi Arabiawas affected by
the early Holocene humid periodwhichwas likely controlled by the
increased inﬂow of cold northern continental air masses in winter
andmonsoon-like circulation due to enhanced differences between
land and sea surface temperatures. Nevertheless, a monsoon-
related rainfall surplus in summer cannot be excluded based on
these ﬁndings. A permanent lake ﬁlled the endorheic depression
north of the oasis at least since 10,000 BP according to lacustrine
deposits inside the sabkha and palaeo-shoreline deposits at its
margins. The palaeoecology of the lake is characterised by saline
waters and low-diversity faunal assemblages including the
phenomenon of marine taxa in an athalassic environment. Gradual
aridisation processes initiated not later than 8500 BP, but were
interrupted by at least one wetter phase of temporarily decreased
salinity and moderate diversiﬁcation of the foraminferal assem-
blage (Tay 180). Inversely correlating trends of rates of foraminiferal
test malformation and percentages of round sieve pores on
ostracod valves are present at both bioclastic shoreline deposits
(Tay 11/177 and Tay 180). Both proxies showed their high potential
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in the reconstruction of salinity and ecological stress. Lake
contraction and lake level fall were most likely driven by a long-
term aridisation process interrupted by at least one short period
of increased humidity. The history of lake shrinking between
8000e4000 BP is not yet resolved. Around 4000 BP, when the
eastern and western branches of the city wall system had already
been erected, only shallow remnants of the lake existed, gradually
turning into a salt marsh. A low earthen damwas enough to protect
the oasis from ﬂooding at that time. Salt marsh conditions were still
described in the 11th century AD.
Tayma is the ﬁrst site on the northwestern Arabian Peninsula for
which quantitative data on minimum palaeo-rainfall during the
early Holocene humid period were calculated. Input parameters for
the simpliﬁed hydrological water balance equation are the
minimum lake level, lake surface, and lake volume during the peak
of the humid period as well as palaeo-evapotranspiration,
groundwater inﬁltration, and the rate of surface runoff. Accord-
ingly, a perennial lake in the endorheic basin of the modern sabkha
with a lake level of at least 811.5 m a.s.l. would have required
a minimum annual precipitation of 150  25 mm. This value
amounts c. 300% of recent precipitation rates, but is smaller than
what has been calculated for the preceding humid phase (MIS 5) in
the southern Arabian Peninsula.
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ABSTRACT 
Athalassic foraminifers, the brackish water ostracod Cyprideis torosa, the barnacle Balanus 
amphitrite and brackish water gastropods prove the existence of a saline lake at Tayma, 
northern Saudi Arabia, during the early to mid-Holocene. Four foraminifer species were iden-
tified: Ammonia tepida is dominating, Quinqueloculina seminula is common, Flintinoides 
labiosa and Trichohyalus aguayoi are rare. Sieve-pore analysis and shell chemistry of 
C. torosa as well as varying but increasing proportions of test malformations in foraminifers
reaching up to 50% indicate fluctuating, mostly hypersaline lacustrine conditions. Based on 
these results and on a literature overview on the worldwide distribution of Quaternary athalas-
sic foraminifer taxa, we suggest that a combination of low diversity, exclusively marginal 
marine taxa, and, significantly, test malformation of >10 % when compared to natural mar-
ginal marine sites, or >30 % in the case of heavily polluted sites may be used for the identifi-
cation of athalassic saline waters in the fossil record. 
I INTRODUCTION 
Foraminifera are a widely distributed and abundant microfossil group of marine origin and a
classical tool of micropalaeontology. Reports on athalassic (i.e. saline water bodies without 
connection to the sea) Foraminifera are relatively rare. They have mainly been described from 
Recent, landlocked environments of elevated (brackish to hyperhaline) salinities (Almogi-
Labin and others, 1992, 1995; Abu-Zied and others, 2007) and their occurrence in such envi-
ronments is often regarded as a curiosity. At a number of sites they indicate environmental 
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changes bound to salinity oscillations during the late Quaternary (Keatings and others, 2007; 
Wennrich and others, 2007; Gennari and others, 2011). If Foraminifera are found in athalassic 
sediments, connections of these locations to marginal marine habitats, reworking of older sed-
iments, or transport by migrating birds are frequently discussed (Cann and De Deckker, 1981; 
Perthuisot, 1995; Wennrich and others, 2007). Hence, the question arises how to discriminate 
between marginal marine and athalassic foraminifer associations in fossil record. 
Geoarchaeological investigations in a sabkha at Tayma, about 300 km away from the coast 
and 800 m a.s.l. (above mean sea level), provide evidence for foraminifers dwelling in an ear-
ly Holocene salt lake; an athalassic setting never connected to the sea during the Neogene 
(Engel and others, 2012). Here, we intend to find generally applicable features proving an 
athalassic habitat by site analysis and comparison with literature from other localities. A fur-
ther goal of this paper is to document the foraminifer and ostracod inventory of palaeolake 
sediments inside and along the margin of the continental sabkha near Tayma, as references 
from comparable palaeo-environments are rare. We examine if athalassic Foraminifera asso-
ciations may be used for inferring salinity changes. In addition, sieve-pore investigation and 
the shell chemistry of Cyprideis torosa, a brackish water ostracod, are used for a salinity re-
construction of the lake. The results from this study are essential for ongoing high-resolution 
palaeoecological and palaeoclimatological of the studied palaeolake and other sites in north-
ern Arabia. 
II ATHALASSIC FORAMINIFERA 
In contrast to their marine relatives, foraminifers of athalassic sites occur in a very low diver-
sity (Table 1). The species encountered are usually found in the intertidal zone of marine 
coasts and are therefore well adapted to strong environmental changes (salinity, temperature). 
Unlike in a marine environment, athalassic foraminifers seem to develop a much higher per-
centage of test malformation directly correlated with increasing salinity (Almogi-Labin and 
others, 1992, 1995). Some faunal associations can indicate both hypo- and hypersaline waters 
but are different from normal marine associations. 
Endemism of athalassic foraminifers has not been observed so far. This is probably due to the 
ephemeral nature of those habitats and the strongly oscillating salinity on geological time 
scales, disallowing evolutionary processes to produce new species. A frequent input of micro-
organisms in lakes by avian transport based on their function as resting places is probable 
(Perthuisot, 1995; Pint and others, 2012). 
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Table 1: Frequent Foraminifera species from selected athalassic sites.;X = living specimens; x 












































































































































































































































































































































































































































































































Rate of malformations [%] 3 ni ni ni ni ni 44 14 50 ni 40 ni ni ni ni
Ammonia aberdoveyensis x
Ammonia beccarii* X X
Ammonia caspica* X








Quinqueloculina seminula x x x
Trichohyalus aguayoi X x x x x
Trochammina inflata X X x




III THE PHYSICAL SETTING 
One sediment core from the central basin as well as several outcrop sections along the margin 
of the continental sabkha of Tayma were investigated. Continental sabkhas – saline flats de-
veloped in endorheic intramontane basins – are common geomorphological features of Ara-
bia’s interior and to some extent correspond to playas of the North American southwest. Un-
like the better studied coastal sabkhas, which are fed by sea water, continental sabkhas are 
characterized by evaporite minerals precipitating in the capillary zone above the shallow 
groundwater table (Briere, 2000; Ginau and others, 2012). Predecessor studies provided evi-
dence for the existence of an early to mid-Holocene palaeolake inside the present sabkha ba-
sin (Wellbrock and others, 2011; Engel and others, 2012; Dinies and others, 2015).  
The sabkha has formed in Palaeozoic sedimentary rocks overlying the Precambrian Arabian 
shield (Vaslet and others, 1994). The area’s depositional history is dominated by tectonic sta-
bility, though interrupted by epirogenetic movements of the underlying craton resulting in 
several major unconformities. Erosion is the dominating factor in the study area, driven by 
Mesozoic and Cenozoic uplift (Vincent, 2008). 
Tayma is hyperarid and receives an average of 45 mm annual rainfall, which mostly occurs 
between November and April. Daytime temperatures fluctuate around 10 °C in winter and 
may rise above 40 °C during summer. The vegetation, including perennial shrubs and annual 
grasses, is generally very sparse. The hydrographic pattern of the area south of Tayma com-
prises wadis directed towards the sabkha (Vaslet and others, 1994). 
IV MATERIAL AND METHODS 
IV.1 SAMPLING
Shoreline deposits of the early Holocene palaeolake are presented from two sites along the 
north-eastern (Tay 11/177; thickness: 2.40 m) and the south-western (Tay 180; thickness: 1.30 
m) margin of the sabkha, respectively. Both were accessed by trenching. Furthermore, a per-
cussion core (Tay 75) of 6.55 m length was extracted in the north-eastern part of the sabkha 
using an Atlas Copco, type Cobra mk1 fitted with closed PVC tubes (diameter: 5 cm) (Fig. 1). 
The two profiles and the coring site were levelled by DGPS. The sampling resolution for the 
entire study is 10 cm.
IV.2 RADIOCARBON DATING
Ostracods and gastropod shells were used for 14C-AMS dating at the Leibniz-Laboratory for 
Radiometric Dating and Isotope Research, Christian-Albrechts-University of Kiel, Germany 
(KIA), 14CHRONO Centre for Climate, the Environment, and Chronology, Queen’s Univer-
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sity of Belfast, Northern Ireland (UBA), and the Center for Applied Isotope Studies, Universi-
ty of Athens, Georgia, USA (UGAMS). Samples were pre-treated with diluted HCl to elimi-
nate surficial contaminants and with H3PO4 in a vacuum to recover CO2, which subsequently 
was cryogenically purified and catalytically converted to graphite, before 14C/13C ratios were 
measured by AMS. 14C ages were calibrated using Calib 6.0.1 software (Reimer and others, 
2009). 
Fig. 1: The Tayma oasis based on Google Earth imagery displaying the sites sampled for this 
study as well as the location of previously taken mastercore Tay 34 (Engel and others, 2012). 
The location of Tayma on the Arabian Peninsula is shown in the overview map (Mountain 
High Maps ®, Digital Wisdom Inc., 1993).
IV.2 MICROFOSSIL SAMPLE PREPARATION
Fractions >0.063 mm and >0.100 mm were isolated through wet-sieving and micro- and 
macrofossils were picked and documented at the Physical Geography Laboratory, University 
of Cologne. Up to 300 individuals of foraminifers were counted in the outcrop samples (aver-
age dry weight: 25 g), and up to 30 individuals of the dominating ostracod Cyprideis torosa 
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were analysed for sieve-pore shapes. Samples of the core Tay 75 (average wet weight 23 g) 
were completely checked for microfossils. 
IV.3 MALFORMATION OF FORAMINIFER TESTS
After species identification, malformation of all foraminifer tests was quantitatively recorded.
In this study, three types of test malformation are distinguished for a total of 65 samples:
1. Deformation of a single chamber, e.g. dwarf chamber or over-sized chambers. 
2. Irregular whorl growth.
3. Multiple test development, e.g. twins. 
IV.4 SIEVE-PORE ANALYSIS OF VALVES OF CYPRIDEIS TOROSA
Following the method described by Rosenfeld and Vesper (1977), the percentage of rounded 
sieve-pores per valve was identified for Cyprideis torosa in order to reconstruct salinity 
changes. Sieve pores of 10–15 valves per sample were investigated under a light microscope 
at 400x magnification. Shapes of at least 30 rounded and non-rounded sieve-pores were dis-
tinguished per valve. 
Fig. 2: Three types of sieve-pore shape: 1: rounded, 2: elon-
gated and 3: irregular. Only the percentage of the rounded 




Isotopic and trace element analyses were carried out on ostracod valves from each sample of 
Tay 177 and 180 as well as from 23 samples of core Tay 75. The ostracod valves were ana-
lysed for δ13C and δ18O using a Finnigan MAT253 mass spectrometer connected to an auto-
mated carbonate-reaction device (KIEL IV) in the laboratory of Section 5.2 at the 
GeoForschungsZentrum Potsdam (GFZ). Samples of around 10 to 80 μg (2–5 valves) were 
automatically dissolved with 103% H3PO4 at 72°C and the isotopic composition was meas-
ured on the released and cryogenically purified CO2. The isotopic composition is given in the 
delta notation relative to VPDB (Vienna Peedee Belemnite). Replicate analysis of reference 
material (NBS19) reported relative to VPDB yielded standard errors of 0.04‰ for δ13C and 
0.06 ‰ δ18O. Isotopes δ18O, δ13C as well as trace elements were derived from ostracods of the 
same samples. For trace elements analysis an ICP-OES Varian 725ES was used after the 
samples had been prepared through microwave digestion.
V RESULTS 
V.1 CHRONOLOGY
Calibrated 14C ages from the lake-shore deposits (Tay 11/177, Tay 180) lie between 10,200 
and 9000 cal BP and show no inversions. At Tay 11/177, the lowermost and uppermost sec-
tions were each dated twice: in the lower part differences are marginal (10235–9923 and 
9887–9562 cal BP), whereas at the top of the profile, the error bars of both samples overlap 
(9401–9091 and 9251–8992 cal BP) (Engel and others, 2012). 14C data from Tay 11/177 point 
to an accumulation rate of shell material along the palaeolake margins of at least 0.25–0.5 cm 
a-1 during the early Holocene. The top of profile Tay 180 is located c. 5 m below the one of 
Tay 11/177. A slightly lower sedimentation rate (0.1–0.3 cm a-1) has been inferred, and the 
age estimates range from 10,158–9739 to 9452–9141 cal BP. The two 14C ages from core Tay 
75 range from 9265–9032 cal BP at a depth of 130 cm and 9477–9306 cal BP at a depth of 
380–374 cm and either point to a high sedimentation rate in this part of the section or that the 
upper sample contains older, reworked material. The data derived from calcareous skeletons 
(Table 2) imply systematic age overestimation of c. 1500 years due to the hard-water effect 
when compared to recently presented isostratigraphic, pollen-derived data of Dinies and oth-
ers (2015). 
V.2 STRATIGRAPHIC DESCRIPTION
Tay 11/177 represents a laminated deposit almost entirely consisting of bioclastic remains 
accumulated along the shores of a large palaeolake (Fig. 3). It is preserved in the incised part 
of the lowermost escarpment of Ordovician shale framing the sabkha in the north. The upper 
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limit of trench Tay 177 is situated c. 11 m above the present sabkha floor (811.5 m a.s.l. 
[above present sea level]). Further north on the bedrock terrace, the uppermost appearance of 
the deposit is at 813.8 m a.s.l. The main components are gastropod (Melanoides tuberculata,
Hydrobia sp.) and Balanus amphitrite shells, as well as microfossils. Quartz sand is present 
only as a minor component. In-situ formation of the deposit is indicated by Balanus amphitri-
te skeletons in living position directly attached to the Ordovician bedrock (Fig. 4) (Engel and 
others, 2012). 
Table 2: Details of the radiocarbon data used in this study. Calibration was carried out using 
Calib 6.0.1 software (Reimer and others, 2009). A systematic hard water effect of c. 1500 
years (cf. Dinies and others, 2015) must be considered. KIA = Leibniz-Laboratory for Radio-
metric Dating and Isotope Research, Christian-Albrechts-University of Kiel, Germany; UBA 
= 14CHRONO Centre for Climate, the Environment, and Chronology, Queen’s University of 
Belfast, Northern Ireland; UGAMS = Center for Applied Isotope Studies, University of Ath-
ens, Georgia, USA; *previously published in Engel and others (2012).
Deposit Tay 180 (Fig. 5) at the south-western margin of the sabkha is very similar to Tay 
11/177. It is attached to the sandstone ridge extending into the sabkha basin. The deposit has a 
thickness of c. 1.3 m and the layers dip towards the centre of the sabkha. Its upper limit was 
measured to be c. 806 m a.s.l. (Engel and others, 2012). 
Sediment core Tay 75 (Fig. 6) was drilled on the north-eastern margin of the sabkha. The 6.55 
m-long core is characterized by alternating strata of greenish and greyish sand and silt and 
brown clay layers. First fossils occur at a depth of 4.60–4.30 m b.s. (below surface). Above 
4.00 m b.s. fossils occur continuously. 
Sample Lab ID Depth
(cm b.s.)




Tay 11/6* KIA34032 10–5 Gastropod shells 5.78±0.1 8125 ± 45 9251–8992
Tay 11/2* KIA34027 210–205 Gastropod shells 0.53±0.2 8980 ± 45 10235–9923
Tay 177/21* UGAMS7583 5 Ostracods -4.2 8250 ± 35 9401–9091
Tay 177/10* UGAMS7582 120 Ostracods -3.8 8530 ± 30 9542–9486
Tay 177/1* UGAMS7581 205 Ostracods -4.1 8470 ± 30 9887–9562
Tay 180/2 UBA-23785 20 Ostracods No data 8248 ± 37 7425–7141
Tay 180/13 UBA-23786 130 Ostracods No data 8813 ± 37 8187–7739
Tay 75/ UGAMS11620 130 Ostracods -14.5 8200 ± 25 9265–9032
Tay 75 UGAMS11621 380–374 Ostracods -15.8 8380 ± 25 9477–9306
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Fig. 3: Bioclastic deposit at Tay 11/177 preserved in an incised section of the lowermost es-
carpment at the northeastern sabkha margin (compare Fig. 1). Its surface is located at an ele-
vation of 811.5 m a.s.l. and it has a vertical extension of up to 240 cm. Percentages of forami-
niferal taxa, test malformations as well as round sieve pores on ostracod valves are shown, 
besides stable isotopes and ratios of trace elements. 
Fig. 4: Balanus amphitrite in living position directly attached to the bedrock indicates autoch-
thonous deposition at Tay 11/177 in a lakeshore environment.  
Fig. 5: Bioclastic sediment deposit at Tay 180 attached to the sandstone ridge of Qasr al-
Hamra (compare Fig. 1). Its surface is located at an elevation of 806 m a.s.l. and it has a 
thickness of 130 cm. Percentages of foraminiferal taxa, test malformations as well as round 




Fig 6: Core Tay 75 taken in the north-eastern part of the sabkha. Distribution of micro- and 
macrofossils, test malformations and sieve-pore analysis of ostracod valves are shown. Stable 
isotopes as well as ratios of trace elements are plotted as well. 
V.3 MICROFAUNA AT TAYMA
V.3.1 Foraminifera 
Four species of foraminifers were identified in the samples from Tayma. The most common 
species is Ammonia tepida with a total percentage of 75%. Quinqueloculina seminula is also 
common with a percentage of 18%. Flintinoides labiosa occurs with 6%, whereas Trichohya-
lus aguayoi is the rarest species (0.5%) (Fig. 7). The percentage distributions for the core and 
the outcrops are presented in Figs. 3, 5 and 6. In Tay 11/177 the distribution of foraminifers 
varies moderately across the section. Remarkable is a very strong dominance of Ammonia 
tepida at 0.80–0.60 m b.s.. The highest percentage of Quinqueloculina seminula with about 
50% is at 1.50 m b.s.. Trichohyalus aguayoi mainly occurs in the lowermost part of the sec-
tion, up to 1.95 m b.s. 
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In Tay 180 the associations of the lowermost 10 cm are completely composed of Ammonia 
tepida. The other species increase continuously up to 0.80 m b.s.. The highest percentage of 
Quinqueloculina seminula (about 40%) is at 0.60 cm b.s.. Trichohyalus aguayoi occurs exclu-
sively between 0.50–0.20 m b.s. 
With the exception of a minor occurrence of at 4.30–4.60 m b.s., only the four uppermost me-
tres of Tay 75 contain foraminifers. The number of individuals and the species distribution 
vary strongly, whereas Trichohyalus aguayoi is completely absent. 
Fig. 7: Foraminifera from Tayma, white scale: 0.1 mm. 1: Ammonia tepida, normal test, spiral 
view. 2: A. tepida, chamber deformation, spiral view. 3: A. tepida, multiple test. 4: Quin-
queloculina seminula, normal test. 5: Q. seminula, changes of growth direction. 6: Q. seminu-
la, multiple test. 7: Flintinoides labiosa, normal test. 8: F. labiosa, changes of growth direc-
tion. 9: Trichohyalus aguayoy, normal test, spiral view. 10: T. aguayoy, normal test, umbilical 
view.
Taxonomy 
Quinqueloculina seminula (Linné, 1758) = Serpula seminulum Linné, 1758 (listed as 
Quinqueloculina spp. in Engel and others, 2012) 
Appearance at sites: Tay 177: 25%, Tay 180: 23% and Tay 75: 9%. 
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Flintinoides labiosa (d´Orbigny, 1839) = Triloculina labiosa d’Orbigny, 1839 (listed as Mil-
ionella spp. in Engel and others, 2012)
Appearance at sites: Tay 177: 8%, Tay 180: 13% and Tay 75: 0.4%. 
Trichohyalus aguayoi (Bermudez, 1935) = Discorbis aguayoi Bermudez, 1935 (listed as 
Rosalina sp. in Engel and others, 2012) 
Appearance at sites: Tay 177: 1%, Tay 180: 1% and Tay 75: missing. 
Ammonia tepida (Cushman, 1926) = Rotalia beccarii var. tepida Cushman, 1926
Appearance at sites: Tay 177: 67%, Tay 180: 63% and Tay 75: 91%. 
Test malformation 
The total percentage of foraminiferal malformations of all sites is 28% on average. In the out-
crops Tay 11/177 and 180, deformed chambers make up the major part of malformations, 
followed by irregular whorl growth and multiple tests, whereas the highest proportion of mal-
formation of core Tay 75 is represented by irregular whorl growth, followed by deformed 
chambers and multiple tests (Table 3). 
Table 3: Percentages of the minimum and maximum malformation proportions, averages and 




















11–41% 25% 17.9% 7.8% 0.3% 67% increasing
Tay 
180
22–49% 33% 24.8% 8% 0.2% 78% decreasing
Tay 75 0–57% 27% 6% 17% 4% 98% slightly in-
creasing 
V.3.2 Ostracoda 
The only identified ostracod species in both the outcrops and the core is Cyprideis torosa 
(Jones, 1850). Of the two varieties of C. torosa, a smooth and a noded form, the Tayma mate-
rial yields only the smooth form Cyprideis torosa f. littoralis. In the outcrops, abundances of 
C. torosa are very high, whereas it is much lower in the core. The preservation of the valves is 
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very good in the outcrops except for the uppermost 20 cm where the valves are mostly re-
calcified. In the core, preservation is moderate to poor; most of the valves are re-calcified. 
Due to the good preservation in the outcrops, sieve-pore analysis of the valves was carried out 
without problems. In the core, sieve pore analysis was much more difficult.
Sieve-pore analysis 
The percentages of round sieve-pores of Cyprideis torosa in Tay 177 show a relatively low
standard deviation and range from 26–37%, with a decreasing trend towards the top (Fig.3). 
Values are generally lower at Tay 180 (7–22%) with stronger variation and also a decreasing 
trend towards the top (Fig 5), whereas the highest values and variation are reached in sedi-
ment core Tay 75 (18–60%). In the core values increase slightly towards the mid of the sec-
tion and then decrease towards the top (Fig 6). 
V.4 MACROFAUNA AT TAYMA
The deposits of Tay 177 and Tay 180 are mainly composed of shells of the gastropods Mela-
noides tuberculata and Hydrobia sp. and fragments of the barnacle Balanus amphitrite (Crus-
tacea) (Fig. 7). All taxa are highly abundant throughout the profiles, therefore no quantifica-
tion was performed. However, in the cores, macrofaunal remains are very rare; large frag-
ments of B. amphitrite are entirely absent. 
V.5 ISOTOPE DATA
Isotope ratios of Cyprideis torosa valves in both outcrops range between -10 and 0‰ for G13C
and +4 and +7‰ for G18O. While the valves from the outcrops are well preserved, except for 
the upper 20 cm, those from the cores are mostly re-calcified, what, however, does not affect 
the stable isotope composition. 
The ostracod valves of core Tay 
75 show a similar range in G18O
values from +4.5 to about +7‰, 
but significantly lower G13C val-
ues down to -10‰ (Fig. 8).
Fig. 8: Cross-plot of G18O and 




VI.1 ECOLOGY AND DISTRIBUTION OF SPECIES FOUND AT TAYMA
We discuss ecological preferences of foraminifer species found at Tayma and their occurrence 
in other athalassic waters in the following.  
When found inland, foraminifers live exclusively in permanent water bodies, but prefer dif-
ferent salinities. (Resig, 1974; Almogi-Labin and others, 1992, 1995; Wennrich and others, 
2007; Riedel and others, 2011).
Ammonia tepida occurs in both hypersaline environments like the Dead Sea (Israel) and wa-
ters connected to it (Almogi-Labin others, 1992, 1995) and hyposaline water bodies like the 
Timsah spring (Israel) (Flako-Zaritsky, 2006). According to Bradshaw (1957, 1961), the ideal 
salinities for reproduction of A. tepida range from 13–40 psu. The monospecific, recent as-
semblage of A. tepida in the Dead Sea produces an average malformation rate of 17% linked 
to hypersaline conditions of 39.7 to 54.5 psu (Almogi-Labin and others, 1992). 
Quinqueloculina seminula: So far, the occurrence of Q. seminula in inland water bodies is 
very rare and poorly reported. In Lake Quarun (Fayum depression, Egypt), it is the most fre-
quent species and its abundance seems to be positively correlated with salinity (Abu-Zied and 
others, 2007). 
Flintinoides labiosa: F. labiosa is here described from an athalassic site for the first time. The 
genus, however, has already been described from Lake Quarun (Miliolinella in Abu-Zied and 
others, 2007).  
Trichohyalus aguayoi: The species tolerates a broad range of salinities. However, occurrences 
in hypersaline marginal marine lagoons are rare. It has mainly been described from intertidal 
habitats such as the brackish to freshwater estuaries or mangrove swamps of the Bermudas 
(Javaux and Scott, 2003) or coastal waters of the Caspian Sea (Yanko-Hombach, 2007). 
Greater numbers were found in Holocene lake sediments near Al-Mundafan in the Rub’ al 
Khali (Gennari and others, 2011). In early to mid-Holocene lakes of the Sahara, T. aguayoi
occurred together with Ammonia tepida (Gasse and others, 1987) 
VI.2 TEST MALFORMATION
Foraminifers in inland water bodies indicate both a perennial lake regime and elevated salini-
ty. Desiccation would wipe out a foraminifer population. The exclusively intertidal origin of 
documented athalassic foraminifer associations is a differentiating feature when compared to 
marginal marine habitats where moderate amounts of open marine taxa are normally included 
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as well. Variable salinity and a high concentration of sulphates presumably play a significant 
role for the composition of assemblages (De Deckker, 1981). In general, foraminiferal diver-
sity is very low in athalassic settings (table 1). But there are exceptions: Resig (1974) found 
41 species of foraminifers in an oligohaline brackish lake on Hawai’i. In the Timsah Ponds 
(Israel), 18 species were detected in an oligohaline (3–4 psu) environment (Flako-Zaritzky, 
2006). Both water bodies are situated close to the coast enabling an easy colonisation of the 
athalassic waters from marginal marine habitats through animals or even with propagules 
coming in with sea spray. Considering the extremely low numbers of just four species at 
Tayma in this study, or two at Al-Mundafan (Gennari and others, 2011), it is underlined that 
diversity is not only a function of ecologic fluctuations or extreme conditions within a habitat, 
but also of distance to marine environments and ways of transport species can be introduced. 
For the case of bird-mediated transport, the main migratory routes may play an important role 
as well. Lake Quarun inside the Faiyum Depression (Egypt) is exceptional in this regard, 
hosting the remarkable number of nineteen species despite a distance of 350 km to the Medi-
terranean coast. The lake turned from freshwater to saline conditions after 2300 yr BP and is 
clearly dominated by Ammonia tepida and Quinqueloculina seminula. The reason for the high 
diversity is unclear (Abu-Zied and others, 2007), but could be explained by its relatively large 
size and therefore more stable water conditions and a regular introduction of Foraminifera 
through migratory birds due to its location close to the river Nile. 
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Another important indicator to identify athalassic foraminifer associations seems to be the 
proportion of malformed tests, which is much higher than in marine sites, particularly in 
hypersaline settings. Test malformations in foraminifers have been recognised for quite a long 
time. Reasons include naturally induced and anthropogenic environmental changes or infec-
tions. While under optimised laboratory conditions or in stable marine habitats usually less 
than 1% of foraminifer tests are malformed (Stouff and others, 1999; Geslin and others, 2000; 
Polovodova and Schönfeld, 2008), the rate of malformations may reach about 10% in coastal 
environments, 25% in estuaries (Polovodova and Schönfeld, 2008), and up to 50% in other 
less favourable natural habitats (Table 4). Some of the most important natural factors causing 
test malformation are strongly fluctuating salinity values or those that are close to the toler-
ance limits of a species (Pint and others, 2012), even though heavy metal pollution may play a 
significant role as well (Polovodova and Schönfeld, 2008).  
Remarkably, inland water bodies show the highest rates of malformation (Almogi-Labin and 
others, 1992; Pint and others, 2012), supposedly due to a lack of competition with other mar-
ginal marine foraminifers providing an opportunity for not well adapted and deformed indi-
viduals to survive (Table 4). Therefore, in the case of Tayma, we assume high salinity as a 
main controlling factor for test deformations. Strong seasonal fluctuations of salinity have to 
be assumed as well, which is also indicated by seasonal lamination of stellar aragonite (excess 
evaporation and concentration of solutes during dry season) and siliciclastic graded layers 
(sediment input after wadi activation and deposition out of suspension during the wet season) 
(Ginau and others, 2012). Furthermore, salinity reconstruction from the sections at Tayma 
suggests correlation of test malformation and salinity under hypersaline conditions. At Tay-
ma, the most frequent types of test malformation are single chamber deformations followed 
by irregular whorl growth and multiple tests. Similar percentages were also observed at other 
sites, e.g. the Aral Sea (Kazakhstan; Pint and others, 2012) and the fjords of Kiel and Flens-
burg (Northern Germany; Polovodova and Schönfeld, 2008). However, in the core sequence 
of Tay 75, irregular whorl growth represents the most frequent type of malformation. This 
difference may be explained by lower selection pressure for regular formed tests in the calm 
deeper water than in the turbulent water close to the shore or, alternatively, by higher salini-
ties in deeper water through thermohaline stratification of the water body causing oxygen de-
pletion and increased salinity values.  
VI.3 THE OSTRACOD SPECIES CYPRIDEIS TOROSA
The widespread and ecologically opportunistic taxon of Cyprideis torosa occurs in both mar-
ginal marine environments and inland water bodies with slightly brackish up to hypersaline 
conditions. It tolerates a wide range of salinity, temperature, and oxygen conditions. As in 
Tayma, it often occurs monospecifically, mainly in salt lakes with hypersaline conditions or 
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in coastal lagoons after they became separated from the sea (Frenzel, 1991; Gasse and others 
1987; Keatings and others, 2007; Marco-Barba and others, 2013). It provides further evidence 
for a saline inland water body. In continental waters C. torosa often occurs together with for-
aminifers of intertidal origin (Pint and others, 2012). Whereas macro- and microfossils appear 
in a very high abundance in the shoreline outcrops of Tayma, the concentration of microfos-
sils in the core within the central sabkha area is very low. This may be due to a high sedimen-
tation rate and oxygen deficiency in deeper water caused by thermohaline stratification of the 
water body, which had a maximum depth of >13 m during its early to mid-Holocene high-
stand (Engel and others, 2012). Additionally, growth of gypsum may have destroyed micro-
fossils in these sediments. Cyprideis torosa also prefers very shallow water and, therefore, is 
mostly living close to the shoreline (Meisch, 2000; Pint and others, 2012). 
Based on the broad ecological tolerances and the often monospecific occurrence of C. torosa
in fossil associations, it is difficult to reconstruct palaeoenvironmental changes from this tax-
on alone. To overcome this problem, the method of sieve-pore analysis has been developed by 
Rosenfeld and Vesper (1977). They recognized that sieve-pore shapes on valves of adult 
C. torosa vary due to different salinity conditions. The percentage of sieve-pores with a circu-
lar shape decreases with increasing salinity. However, the calculated salinity (transfer func-
tion: S = e–0.06 RS + 4.7; Pint and others 2012) must be critically reviewed. Sieve-pore analyses 
such as those on Recent assemblages from Lake Quarun showed significantly higher values 
than the measured salinity of the lake water (Keatings and others, 2007). A reason for those 
differences may be the water chemistry of athalassic water bodies being different from mar-
ginal marine brackish waters.
At Tayma, a strong variation of sieve-pore ratios is noticeable within the samples. This varia-
bility might be the result of significant short-term, probably seasonal, salinity changes due to 
periodical wadi activity and is enhanced by samples comprising approximately 5–10 or even 
more years each. Variability may be lower in the deeper waters of the central basin, especially 
during phases of thermohaline stratification with low circulation of the lake water.
VI.4 MACROFAUNA
The widespread and common gastropod genus Hydrobia is typically found in brackish waters. 
It tolerates changing salinities and even hypersaline conditions and, therefore, is a common 
companion of the brackish ostracod Cyprideis torosa and of athalassic foraminifers. As an 
opportunistic genus, Hydrobia also may tolerate ephemeral aquatic environments and wet-
lands (Kowalke, 1998). 
Melanoides tuberculata is a cosmopolitan freshwater species widely distributed in fresh and 
brackish water bodies of the Middle East (Ismail and Arif, 1993). It is documented from the 
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Quaternary Mediterranean saline lakes of Orce/Spain, Ecker/Algeria, Lybia/Bucrat, 
Quarun/Egypt, Cape Greco/Cyprus Delos and Thessaloniki/Greece (Kowalke, 2006; Hassan 
and others, 2012), as well as the early to mid-Holocene lakes of the Sahara desert (Gasse and 
others, 1987). Melanoides tuberculata is often associated with the brackish water gastropod 
Hydrobia. However, in contrast to Hydrobia, it dwells only in permanent water bodies 
(Brown, 1980; van Damme, 1984). 
The barnacle Balanus amphitrite is a very common marine crustacean species mostly pre-
served in fragments at Tayma, and inhabited the rocky shores of the palaeolake in the north 
and around Qasr al-Hamra. Balanus amphitrite lives in the intertidal zone of marine coasts; 
therefore it is well adapted to strong environmental changes. Introduced by birds, it is also 
able to survive in continental salt lakes like the Salton Sea in California (Detwiler and others, 
2002) or Birket Gessabia in the Siwa Oasis (Por, 1972). It tolerates a wide range of salinity, as 
well as polluted and eutrophic environments (Detwiler et al 2002). Large populations of B. 
amphitrite in marginal or non-marine environments are characterised by warm water tempera-
tures and salinities up to 40–45‰ (Por, 1972; Shalla and others, 1995). 
VI.5 GEOCHEMISTRY
In Tay 177 the malformation in foraminifers and the percentage of round sieve pores of ostra-
cod valves both reflect increasing salinity (Engel and others 2012). The change towards heav-
ier δ 13C values and higher Mg/Ca and Sr/Ca ratios of ostracod valves in the upper part sug-
gest higher evaporation and less freshwater input, thereby supporting the assumption of in-
creasing salinity. The δ 18O values of ostracod valves, however, show fairly stable conditions 
with values around +5 ‰. This pattern may be explained by a relatively constant water level 
maintained predominantly by precipitation, ground water inflow and local water recycling 
during the highest lake level period (Fig. 3). From 3.00 to 0.50 m depth in core Tay 75, mal-
formations in foraminifers as well as the δ 18O and Sr/Ca values of ostracod valves suggest 
increasing salinities to the top pointing to the shrinking trend of the lake in a more arid cli-
mate (Fig. 6)
In Tay 180, the malformation in foraminifers, the round sieve pore proportion and the Sr/Ca 
of ostracod valves reflect decreasing salinity (Engel and others 2012). The stable isotope val-
ues show relatively stable conditions with values around +5 ‰ for δ 18O and -3 ‰ for δ 13C. 
This may indicate an increased freshwater input under high evaporation conditions having led 
to a rising lake level. Except the lowermost part of the section, Mg/Ca ratios decrease, thereby 
pointing to lower salinities as well (Fig. 5). 
In general, the calcite of ostracods has been found growing in equilibrium with sea or lake 
water (e.g. von Grafenstein and others, 1999; Decrouy and Vennemann, 2013; Marco-Barba 
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and others, 2013). However, especially for Cyprideis torosa, Marco-Barba and others (2013) 
observed that the chemical composition shows various disequilibrium effects at higher salini-
ties or stressfull hydrochemical conditions. Calcitic shells of C. torosa from Valencia, Spain, 
for example, show increasing δ 18O-depletion relative to the thermodynamic isotopic equilib-
rium when the water temperature increases from about 10 to 30°C (Bodergat and others, 
2014).
The ostracod valves from the outcrops (Tay 11/177) probably represent the onset of the lake 
stage. The salinity inferred from foraminiferal test malformations and rounded sieve pores on 
ostracod valves co-varies with the carbonate δ 18O values; higher salinity is reflected in high δ
18O values of up to +7‰. Higher δ 18O values (up to +10‰) found in an aragonite layer in the 
equivalent lake sediments of the deeper part can be explained by different seasonal conditions 
during formation. While ostracod valves grow during a prolonged period with probably high-
er freshwater input, the inorganic carbonate precipitates after CO2 release due to biological 
activity or evaporative release during evaporation maxima. The much lower δ 13C values of 
the core compared to the outcrops can be explained by microbial activity in oxygen deficient 
deeper water during periods of thermohaline stratification of the Tayma palaeolake. 
VI.6 RECONSTRUCTION OF THE LAKE HISTORY OF THE OASIS OF TAYMA
Due to the lack of evidence of an initial freshwater lake phase like a pond, a saline lake seems 
to have established in just a short time interval since c. 9200 BP (cf. age model in Dinies and 
others, 2015). For at least 1000 years a permanent lake existed with an average depth of at 
least 15 m, characterized by strongly varying salinity values driven by seasonal precipitation 
and wadi activities. The hypothesis of Enzel and others (2015) that the deposits presented 
here only refer to wetland conditions and that an ephemeral lake never established during the 
Holocene can therefore be refuted by multiple lines of evidence (Dinies and others 2015, En-
gel et al.2012). However, a further division into several lake phases is impossible due to very 
limited time constraints of the sediment core and stratigraphical outcrop investigated here. 
The final stage of the main permanent lake phase remains unclear, a shifting to more ephem-
eral conditions, however, is anticipated at around cal 4000 BP (Engel et al., 2012). Further 
detailed work on this topic is pending. 
VII CONCLUSIONS 
Four foraminiferal taxa (Ammonia tepida, Quinqueloculina seminula, Flintinoides labiosa, 
Trichohyalus aguayoi) and the ostracod Cyprideis torosa were identified in the palaeolake 
deposits filling the basin of the sabkha of Tayma, where they are poorly preserved, as well as 
in the isolated, bioclastic palaeo-shoreline deposits, where they occur massively and preserva-
tion is much better. The ecologically opportunistic lake fauna, including crustaceans (Balanus
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amphitrite) and gastropods (Melanoides tuberculata, Hydrobia sp.), exclusively originates 
from marine intertidal environments, and indicates variable salinity conditions and a perennial 
regime in the early Holocene lake. Salinity reconstructions based on ostracod sieve-pore 
shape distribution show extreme variations within a sample probably caused by strongly sea-
sonal hydrological changes. Foraminiferal test malformations are higher than in any published 
marginal marine environments. In the early Holocene, a rapid establishment of the lake is 
inferred, while sediments of the pre-lake phase are lacking in the central part of the sabkha, 
probably due to deflation and extreme aridity.  
In order to identify athalassic associations, we conclude that they exclusively consist of mar-
ginal marine taxa. Low species diversity and an exceptionally high percentage of foraminifer-
al test malformations are diagnostic features. Proportions of test malformations correlate with 
salinity in hypersaline waters and can be used as salinity proxy in this context as values from 
Tayma co-vary with those of round sieve-pores on ostracod valves. In general, the results of 
the isotopic and trace element analyses follow the trends of the palaeontological salinity prox-
ies, although less accentuated. 
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Abstract
Cyprideis torosa (JONES, 1850) (Ostracoda, Crustacea) is one of the most common marginal marine 
ostracod species in the Northern hemisphere. We investigate the relationship between variable noding 
of its valves and salinity as well as Ca2+ concentration in the ambient water, analysing populations from 
an in vitro experiment and field data from the southern Baltic Sea coast. There is a clear negative linear 
correlation between the proportion of noded individuals from our microcosms and salinity. Deficiency 
of Ca2+ causes heavier noding in laboratory cultures. The same effect can be seen in the field, however, 
the increase of noded individuals with falling salinity appears to be stepped, not linear. This pattern 
probably reflects the ability of the animals to wait some time until better salinity conditions occur within 
the highly variable conditions of estuaries and lagoons.
At the southern Baltic Sea coast, proportions of more than 20% noded valves within a C. torosa 
population indicates salinities of up to 2 psu, up to 10% noded valves indicate salinities between 2 and 
7 psu, and the lack of noded valves salinities > 7 psu. Stable salinity conditions as in the studied micro-
cosms cause a shift of these salinity limits to 5 and 14 psu approximately but in a linear relationship 
between salinity and proportion of noded individuals. Hence, athalassic populations from more stable 
water bodies should be used for continuous and more detailed salinity trend reconstructions. Deficiency 
of Ca2+ (approximately < 120 mg/l) effects up to about 20% more noded individuals than in water 
with same salinity but with higher Ca2+ concentrations. The reproduction rates within the microcosms 
indicate a salinity optimum of C. torosa eggs of 8 psu whereas the optimum of the adults seems to be 
at least 14 psu.
1. Introduction
A typical phenomenon in brackish water is the prevalence of low diversity associations 
within most taxonomic groups. The reason is the stress impact on these organisms by salinity 
variation and an osmotic value of the surrounding water that is physiologically problematic 
for both, marine and freshwater forms intruding into brackish waters. Those low diversity 
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associations are not easy to interpret in palaeoenvironmental reconstructions relying on 
quantitative association data.
Cyprideis torosa (Jones, 1850) is the most abundant and widely distributed ostracod spe-
cies in shallow brackish waters of Europe, North and Eastern Africa, and Asia (ATHER-
SUCH et al., 1989; MEISCH, 2000; WOUTERS, 2002). It is typical of the coastal and athalas-
sic brackish waters and also occurs in Holocene and Pleistocene interglacial sediments of 
Europe in large numbers (GRIFFITH, 1995; GRAMANN, 2000; PINT et al., 2012). As a fossil, 
it is often bound to transgressive sequences and interglacial periods. Frequently, Cyprideis 
torosa is the dominating or even lone ostracod species in oligohaline waters of coastal 
lagoons (FRENZEL, 1991). Ecologically driven phenotypic variability may be a clue for the 
interpretation of such associations.
Noding of valves is a phenomenon known from several ostracod taxa within the Cythera-
cea (SANDBERG, 1964). The noding of Cyprideis torosa valves is related to water chemistry 
and therefore may help in interpreting the palaeoenvironment (KEYSER and ALADIN, 2004). 
The present paper tries to shed light on conditions and patterns of noding by analysing 
results of laboratory experiments with cultures and field data from the southern Baltic Sea 
coast.
2. On Salinity
The comparison of salinity-related noding published by several authors is hampered by 
different methods of measuring salinity. Salinity can be expressed as proportion of total 
dissolved solids (TDS; g/l), as conductivity (mS/cm), or chlorinity (g/l). The measurements 
of the present study were carried out using a hand-held conductivity probe (WTW multi 
350i) converting conductivity measurement mathematically into salinity values given in 
practical salinity units (psu). These values correspond to TDS values given in ‰ relying 
on a strong correlation between salt concentration and conductivity and assuming water of 
marine origin but diluted with freshwater of very low concentrations of salts (UNESCO, 1981). 
Hence, it is assumed that the measured diluted water has the same proportions of ions as 
oceanic water but with lower overall concentrations. The conductivity-salinity conversion 
method (FOFONOFF and MILLARD, 1983) is reliable in brackish water close to normal marine 
conditions, however, it is problematical in oligohaline water where different proportions of 
salts from freshwater input influence the conductivity measurements and can cause devia-
tions between TDS-based and conductivity-based salinity values. For instance, inner-coastal 
waters of the southern Baltic Sea yield relatively high concentrations of Ca2+ ions because 
of carbonate rich glacial sediments dominating the coast (see discussion below). Chlorinity 
measurements, which are easier to do than direct TDS measurements because of volatile 
substances, rely on constant ion proportions in marine water and give Cl– concentrations 
only. They allow salinity calculation relying on constant proportion changes of ions like for 
conductivity measurements.
3. The Noding Phenomenon of Cyprideis torosa
Cyprideis torosa has two morphological forms which are not genetically fixed: forma 
littoralis with smooth valves and forma torosa with noded valves. Both forms have been 
known for about 150 years and were first described as different species (JONES, 1850; BRADY, 
1868). It is proven now that they belong to one species. Individuals with one noded and 
one smooth valve exist and nodes can appear or disappear during ontogeny in the same 
individual (HARTMANN, 1964; VESPER, 1972a; VAN HARTEN, 2000). The formation of nodes 
is driven by environmental factors but the position on the valve is anatomically determined 
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(KILENYI, 1972; VESPER, 1972a, 1972b, 1975; VAN DEN BOLD, 1976; FRENZEL, 1991; VAN 
HARTEN, 1975, 1996, 2000; KEYSER, 2005). Figure 1 shows the typical position of nodes on 
the valve of Cyprideis torosa of noded and unnoded specimens.
A connection between node formation and salinity was noted early, but the reported salin-
ity limits are partly contradictory (Tab. 1). For instance, VESPER (1972b), FRENZEL (1991), 
and MARCO BARBA (2010) observed higher percentages of noded valves within the popula-
tions under lower salinity, but there was no linear correlation detected. So, additional fac-
tors other than salinity were assumed. For the first time, VAN HARTEN (1996) explains this 
phenomenon with differences in internal osmotic pressure during moulting. As a second 
factor VAN HARTEN (2000) supposes the pH value or dissolved CO2 (connected with CaCO3 
concentration in the water) controlling noding, because there is no ‘linear’ relationship 
between salinity and the frequency or node development of the noded valves. Other authors 
Table 1. Field occurrence of noded and smooth specimens of Cyprideis torosa under dif-

















6 psu 6.5 psu open
Baltic Sea



















1.8 to 5 psu 0.5 psu  5
Figure 1. Noding patterns in Cyprideis torosa. Left: SEM picture of a noded female right valve from 
Michaelisdorf, Saaler Bodden, southern Baltic Sea coast. Nodes 1–4 and 6 are developed, nodes 1 and 
4 sport prolongations as visible on the drawing. Length of valve approximately 1 mm. Right: Patterns 
of node distribution on valves of C torosa from the German Baltic Sea coast (redrawn from FRENZEL, 
1991). The designation of nodes follows its order of frequency, which is not consistent with the designa-
tion by SANDBERG (1964) and VAN DEN BOLD (1976).
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assume the Ca concentration (KEYSER, 2001), a metal complex (PEYPOUQUET, 1977) or Si 
complex and high Corg concentrations (TÖLDERER-FARMER, 1985, CARBONEL et al., 1988) as 
second factor. BODERGAT (1983) reports a correlation between high Ba and Mg concentra-
tions and node formation.
VESPER (1972b) and FRENZEL (1991) describe that the most and strongest noding within a 
population is found in the juvenile A-1 stage, the nodes on the right valve are never smaller 
or less frequent than those on the left valve and females are normally more noded than 
males.
Histological studies by KEYSER and ALADIN (2004) and KEYSER (2005) explain node 
formation by Ca shortage under low salinity conditions. This shortage causes rupture of 
cell-to-cell connections during moulting if an excess of water penetrates the tissue. The 
penetrating water “blows up” the flexible cuticule to form nodes which are then stabilized 
by biomineralization. This model excellently explains the fixed position but different grade 
of node formation under different water chemistry conditions. KEYSER (2005) states about 
5‰ as critical salinity, however, does not provide data for this statement.
MARCO BARBA (2010) studied Cyprideis torosa from the Spanish Mediterranean coast in 
detail. He states that noding of C. torosa as one of the best proxies for salinity reconstruc-
tion and suggests using it together with shell chemistry. MARCO BARBA (2010) explains the 
noding as a combined effect of low salinity and Ca shortage thus expanding KEYSER’s (2005) 
hypothesis. For the first time, he presents a transfer function linking noded shell proportion 
to salinity:
log10 Salinity = 1.22 – 0.833 * arcsin  ¥
___
 Pn,
where Pn =: proportion of noded valves in % within a Cyprideis torosa population.
4. Material and Methods
Four superficial sediment samples were taken in about 50 cm water depth from the Breitling, a 
brackish water lagoon at Rostock, Northeastern Germany, between 11 March and 10 April 2002. The 
salinity fluctuated from sampling to sampling between 6.8 and 12.5 psu, the water temperature between 
5.0 and 6.5 °C. Salinity fluctuation in this lagoon occurs in a rather unpredictable way because of wind 
and precipitation driven changing inflows of more saline water from the open Baltic or freshwater from 
Warnow River. The sediment was fine to coarse sand with some organic detritus. We extracted 840 
living adult Cyprideis torosa with tweezers from this sediment using a binocular microscope. A part of 
the sediment, from which the ostracods had been picked before, was heated on 60 °C for 16 h. It was 
put into glass jars as a substrate in about 5 mm thickness. The jars had a diameter of 4.5 to 7.5 cm and 
a height of 3 to 4 cm and were closed by glass lids, lying loosely on the jars (Fig. 2). Water was taken 
from the Salzhaff lagoon (southern Baltic Sea coast near Wismar) and from the Hohensprenzer See (a 
lake in Mecklenburg near Güstrow). Table 2 lists the concentrations of the major cations except Na. 
After having mixed the water for the microcosms along salinity gradients as described below, it was 
filled into the jars up to a 1 to 2 cm level. All jars were stored in the laboratory at room conditions 
(18.3–26.8 °C, average 23.2 °C) and sheltered from direct sun light except one series, which was trans-
ferred to lower temperature in a cold room (13.3 – 14.0 °C, average 13.5 °C) with artificial light under 
normal day/night periods from 89 days after populating the microcosms. The setting of the experiment 
is summarized in Table 3.
The brackish water of the Salzhaff lagoon was diluted with distilled (distilled water, cooled, and 
chalk series) or freshwater (freshwater series) to get water of different chemistry along a salinity gradi-
ent (Table 2). A small amount of chalk (ca. 2 g each) was given into the jars of the chalk series to get 
a higher CaCO3 concentration. Every two to four weeks we measured salinity and temperature for all 
microcosms with a conductivity probe. Normally, the salinity increased slowly with time by evaporation. 
This was corrected by adding distilled water until the original conductivity value was re-established. 
Five adult males and ten adult females of smooth Cyprideis torosa were included in each of the micro-
318 P. FRENZEL et al.
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.revhydro.com
cosms. About the half of females had already born eggs in their breading cavities within the carapace 
during their transfer to the microcosms. Diatoms (Nitzschia spec.) from a laboratory culture were added 
two times and one time a 1 cm piece of sea grass to each of the jars as food during the experiment. 
Bacteria films on the culture water surface appeared in some jars and were removed during conductivity 
measuring. The experiment lasted 526 days in total.
After observing the first juveniles in culture, all adult ostracods were picked from the microcosms 
and dried in order to have only specimens that grew in the microcosms. The cooled series was placed 
into a cool room after the first extraction of adults. The first harvesting of adults grown completely in 
the cultures started after observing new juveniles in most microcosms 113 days after populating the first 
jars and ended 211 days later. The adult individuals were picked directly from the jars using tweezers. 
A second harvest was carried out 287 to 380 days after the first one. All sediment samples with adult 
ostracods not picked when finishing the cultures were fixed and conserved in 70% ethanol until picking.
Picked adult Cyprideis torosa were counted separately for males and females. Additionally, we 
counted the number of living juveniles during the first extraction of adults from distilled water and 
freshwater series. Sexes of adults and juveniles were distinguished using the outline and size of cara-
paces. C. torosa shows a strong sexual dimorphism. Females are slightly shorter than males, have a 
more rectangular lateral shape than the slightly sloping posterior-dorsal margin of the males, and are 
posteriorly broader in dorsal view. The last two features are caused by brood care within the carapace 
of the females (cf. HEIP 1976). Juveniles tend to have a more triangular outline in lateral view and are 
slimmer in dorsal view. Because of the discontinuous growth of ostracods by moulting, juveniles are 
distinctively smaller than adults.
Table. 2. Selected cation concentrations of the water used for culturing Cyprideis torosa. 
All concentrations are given in mg/l.
Sample Salinity Ca Mg Sr
Freshwater 
(Hohensprenzer See)
 0.1  27  10 0.2
Brackish water 
(Salzhaff)
13.0 220 560 3.9
Figure 2. Microcosms of the Cyprideis torosa culture.
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We counted all individuals with at least one slight node on at least one valve as noded individuals. 




The living ostracods were observed digging in the uppermost millimetre of the sediment 
or more rarely crawling on the surface. When observed they seemed to avoid direct light by 
instantly digging. Their movement was very slow compared to many other brackish water 
ostracods as for instance Loxoconcha elliptica (BORCK and FRENZEL, 2005). The digging 
produced a complete homogenization of the sediment within days, observable after adding 
the chalk to the microcosms of the chalk series.
Moulting adult individuals during calcification of the new valves were recognizable dur-
ing picking because of their very soft valves deforming between the tweezers. This happened 
during all picking only three times. Hence, we assume a short time only for biomineraliza-
tion of the shell.
Many microcosms showed green algae development in the second year of culturing. This 
did not occur within the chalk series. No other metazoans than Cyprideis torosa were dis-
covered within the microcosms as it was intended in the experiment set up.
5.2. Reproduction
In general, all ostracod populations except those of one microcosm reproduced. The sec-
ond harvesting of the cooled series, however, yielded a very few individuals only, three of 
the nine microcosms yielded none. The first juveniles were found in almost all microcosms 
about 70 days after inoculion.
When picking the adults for isolation less than four months after start of the experiment, 
first adults of the second generation had already appeared. Between 58 and 259 living juve-







Distilled water series Brackish water diluted with 
distilled water
13 to 0.5 psu
(8 classes)
4 32
Freshwater series Brackish water diluted with fresh-
water
8 to 0.5 psu
(6 classes)
4 24
Cooled series Brackish water diluted with 
distilled water, cooled on 13 °C
8 to 1 psu
(3 classes)
3  9
Chalk series Brackish water diluted with 
distilled water, enriched with 
CaCO3
8 to 1 psu
(3 classes)
3  9
Total 13 to 0.5 psu 3 to 4 74
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Figure 3. Number of juveniles in different salinity classes in the distilled water (black circles) and 
freshwater series (grey circles). The trend lines are moving averages. Data were collected when picking 
the first adult generation about four months after starting the experiment.
Figure 4. Number of adult individuals per microcosm for all series. The trend lines (distilled water 
and freshwater series) are moving averages. Distilled water series: black circles; freshwater series: grey 
circles; cooled series: white circles; chalk series: white squares.
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niles were counted per jar. Salinity classes at 3 and 8 psu show the highest rate of repro-
duction (Fig. 3). The adults of both harvests are generally most numerous between 6 and 
8 psu (Fig. 4). The cooled series is an exception with a little bit lower and weak frequency 
maximum. It has to be taken in account, however, that the number of microcosms here is 
with three instead of six or eight per salinity class much lower than for the other series and 
therefore less significant.
5.3. Sex Ratio
Because of the relatively low number of individuals per microcosm, we decided to group 
the counts in salinity classes thus gaining more significant calculations. In general, there 
is an average proportion of approximately 40% males; most data points lie between 35 
and 45% (Fig. 5). This proportion remains about the same along the salinity gradient. The 
freshwater series, however, shows a weak tendency to higher proportions of males in lower 
salinities. The cooled and chalk series are less significant because of lower number of speci-
mens and three classes each only.
5.4. Noding
5.4.1. Microcosms
Juveniles with nodes were observed in all reproducing salinity ranges. Adult noded females 
occurred in some jars below 9.5 psu and in all jars of each series below 6 psu. Nodes on adult 
Figure 5. Percentage of males for salinity classes of all series. The salinity of each data point is given 
as average of each salinity range class. The trend lines (distilled water and freshwater series) are linear 
correlations. Distilled water series: black circles; freshwater series: grey circles; cooled series: white 
circles; chalk series: white squares.
322 P. FRENZEL et al.
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.revhydro.com
Figure 6. Correlation between percentages of noded females vs. males of salinity classes from a given 
series. Only classes with at least 50 adults of each sex were considered. Black circles indicate the dis-
tilled water series, the white square the only class of the chalk series with sufficient material.
Figure 7. Percentage of noded individuals of all adults and measured mean salinity within the microcosms 
of each salinity class in all series. All classes of all series contain much more than 50 adults each except 
the highest class of the cooled series with only 44 individuals. Trend lines are linear correlations. Distilled 
water series: black circles; freshwater series: grey circles; cooled series: white circles; chalk series: white 
squares.
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males disappeared above 5 psu. A comparison of proportions of noded specimens in female 
and male Cyprideis torosa from populations with higher numbers of individuals (Fig. 6) sug-
gests a very similar pattern. There is a slight trend to more noding in males. The nodes are 
more distinct and more numerous at lower salinity, whereas they are shallow and less numer-
ous at higher salinity levels. Some specimens bear one or two shallow nodes on the right valve 
but not on the left one.
There is a distinct negative linear correlation between the proportion of noded adult 
individuals within the population and the mean salinity value (Fig. 7). The distilled water 
and the freshwater series display a very similar correlation line, whereas cooled and chalk 
series show a much lower proportion of noded valves. It has to be stressed, however, that 
the salinity classes of the cooled series contain a low number of individuals only.
5.4.2. Field Data
The diagram of field data (Fig. 8) shows a completely different graph than those of the 
in vitro experiments. The calculation is based on a minimum of 50 adult Cyprideis torosa. 
Noded valves dominate below 2 psu in most samples and occur up to 7 psu. Samples with-
out noded specimens lie between 6 and 7 psu together with samples with noded and smooth 
individuals in coexistence. Above a limit of 7 psu only smooth valves occur.
6. Discussion
6.1. Microhabitat, Reproduction and Sex Ratio
The microhabitat of Cyprideis torosa in the microcosms is the same shallow infaunal as 
observed by BORCK and FRENZEL (2005), who also reported a very slow crawling and dig-
Figure 8. Percentage of noded Cyprideis torosa within living populations (live carapaces) in stations 
of the coast of Mecklenburg-Vorpommern (southern Baltic Sea) under different salinity conditions. Only 
samples with at least 25 individuals are figured.
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ging for this species. We assume homogenous physico-chemical conditions within the upper 
sediment layer of the microcosms by bioturbation by the ostracods.
The time period of about six months from inoculating the microcosms with egg-bearing 
females to the first adults of the new generation corresponds well to the six months reported 
in another in vitro study by WEYGOLDT (1960). MEZQUITA et al. (2000) report five to more 
than six months ontogenetic development for Cyprideis torosa from a saline environment 
of the Spanish Mediterranean coast. The shorter periods are explained by higher water tem-
perature during summer. The very few adults of the second harvest in our cooled series are 
probably left over juveniles from the first harvest. The low temperature conditions started 
three months after populating the microcosms. Then, the larvae were hatched already and 
developed despite the low temperature until reaching the adult stage. The next generation, 
however, did not hatch because of a water temperature less than 14 °C. HEIP (1976) docu-
mented 15 °C as a minimum temperature for hatching C. torosa, very close to the conditions 
of our cooled series.
Based on the number of juveniles and adults of all series along the salinity gradient, we 
recognize a tendency of highest numbers of individuals at salinities of around 8 psu. ALADIN 
(1993) reported 8 psu as the tipping point between hyperosmotic and isoosmotic regulation 
in Cyprideis torosa from the Aral Sea. The organism is forced to pump inflowing water 
out of the body and to pick up salt under lower salinity conditions, to excrete salt and to 
take water under higher salinity conditions, as well as to compensate for poorer enzymatic 
reactions adapted to other salinity conditions than in the ambient water (REMMERT, 1980; 
ALADIN, 1993). All those reactions need energy which could have been utilised for growth, 
reproduction, and ecological tolerance to other environmental factors. Hence, the ecological 
stress increases with salinity distance from the isoosmotic range as it is known from other 
taxonomic groups living in brackish waters (REMANE, 1958). This pattern explains well the 
lower reproduction rate below 8 psu, but not the lower number of specimens above this 
salinity where ALADIN (1993) reports isoosmotic regulation. Up to now, we cannot explain 
this phenomenon. The more or less constant proportion of 40% males suggests a salinity 
independent sex ratio.
6.2. Noding
The cultures show a clearly salinity-bound formation of nodes (Fig. 7). There is a ten-
dency of water inflow along the osmotic gradient from the less concentrated ambient water 
to the more concentrated haemolymph. Following the hypothesis by KEYSER (2001, 2005), 
inflowing water increases the pressure of the body fluid during hypoosmotic regulation 
under low salinity conditions and deficiencies of osmoregulation due to lack of Ca2+ ions 
cause the disruption and blowing up of tissue during the critical stage of moulting. A higher 
number and more distinct nodes with decreasing salinity can be explained by this hypothesis. 
The nodes are a pathological phenomenon without functional importance.
ALADIN (1993) places Cyprideis torosa into the groups of confohyperosmotic II and 
amphiosmotic forms. Both groups regulate hyperosmotically below 8 psu and change to iso-
osmotic regulation above, the former up to 30 psu where a second tipping point indicates the 
switch to hypoosmotic regulation, the latter group up to 100 psu (ALADIN 1993). If fixing the 
lower isoosmotic limit at 8 psu, there should not be any nodes above this salinity value. This 
seems to be true for the field data from the southern Baltic Sea coast (Fig. 8), but there are 
some noded adult individuals under higher salinities in our cultures (Fig. 7) and in the field 
data documented by MARCO BARBA (2010) from the Spanish Mediterranean coast (Fig. 9). 
Furthermore, noded juveniles could be found under all salinity conditions of our cultures. A 
higher isoosmotic point of at least parts of the C. torosa population used for the study would 
explain noded valves above 8 psu. More than 8 psu for the osmotic optimum of the Baltic 
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Sea form would, however, contradict our findings in reproduction, i.e., an optimum at 8 psu. 
The maximum salinity encountered for noded valves lies at about 14 psu (the maximum of 
our salinity gradient; Fig. 7), approximately the maximum of 15 psu documented by MARCO 
BARBA (2010) for the Spanish populations. WAGNER (1957) and VESPER (1975) found noded 
C. torosa at a maximum salinity of 14.5 psu, NEALE (1988) up to 17 psu. It may be that the 
osmotic optimum (and osmotic pressure of the body fluid) varies between 8 and at least 
14 psu for the studied C. torosa populations. The eggs have other mechanisms of osmoregu-
lation than the hatched animals (ALADIN, 1993) and maybe have other salinity limits. If this 
assumption is applicable, it would suggest that the osmotic optimum of C. torosa eggs would 
be 8 psu, the optimum for the adults, however, at least 14 psu.
The stronger noding of juveniles could be caused by a higher surface to volume ratio, 
enabling a relatively higher water inflow, or by their non-mature osmoregulation capacities. 
We cannot explain why right valves are preferentially noded. KEYSER and ALADIN (2004) 
suggest a less prominent node development on this side of the animal where it is laying 
on the sediment during moulting, however, we assume this explanation to be not probable 
because of the exclusively lesser noded left side.
Looking on the chalk series graph compared to the freshwater series (Fig. 9), we see a 
negative shift along the y-axis and a less steep decrease of noded proportion with increasing 
salinity. This coincides well with KEYSER’s (2001) assumption that low Ca2+ concentrations 
cause a greater risk of disrupting stabilizing structures within the cavities by spasm-like 
reaction. Referring to this mechanism, we are able to explain the lower percentage of noded 
specimens within the chalk series. The negative inclination of the chalk series trend line 
rules out an explanation of noding caused by Ca2+ concentrations alone, because plenty of 
carbonate was available by feeding and water input by the animals of all salinity classes. 
Figure 9. Percentage of noded individuals of all adults and the measured mean salinities within the 
microcosms of the distilled water and freshwater series (black trend line) and the chalk series (white-
black trend line) given as trend lines and data points for noding vs. salinity from our field study along 
the southern Baltic Sea coast (grey circles) and data points from a field study at the Spanish Mediter-
ranean coast (MARCO BARBA 2010; black diamonds).
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The chalk particles are mostly fragmented Cretaceous coccoliths of a few micrometres size 
only which have a high dissolution potential. We conclude that salinity and Ca2+ availability 
together drive node formation. The coincidence of noding patterns from the chalk microcosm 
series and field data from the southern Baltic Sea coast reflects the high Ca2+ concentrations 
in rivers and lagoons within Pleistocene sediments. Those sediments (tills, sands) contain 
large amounts of reworked Upper Cretaceous chalk. On the other hand, the distilled water 
series seems to be closer to the pattern found by MARCO BARBA (2010) at the Spanish coast. 
The dilution is caused here by rainwater or freshwater with very low Ca2+ concentrations, 
similar to the dilution of our distilled water series.
In general the field data of Fig. 8 correspond to the literature data of Table 1. An inter-
esting difference is, following different authors, the salinity value of dominance of noded 
valves which suggests a dominance between 2 and 5 psu, where we found only up to 10% 
noded specimens. Such samples were registered during our investigations at the southern 
Baltic Sea coast several times, but that were empty shells at the inflows of rivers where 
a temporary salinity lower than 2 psu or transport from the estuaries cannot be excluded.
The pattern in the field seems to be very different from those of the microcosm experi-
ment at the first look (Fig. 9). Whereas the field data from the southern Baltic coast and 
the Spanish coast (MARCO BARBA, 2010) display a staircase pattern, the cultures show lin-
ear relationships. To explain this difference, we have to take into account the often highly 
variable salinity and water chemistry of the lagoons and estuaries. Within time periods, the 
individuals may choose the best time for moulting under these circumstances. Additionally, 
the Ca2+ concentration of the water only indirectly influences the osmoregulation because 
the concentration of the haemolymph is crucial and can be higher as temporarily falling con-
centrations of the ambient water. Therefore, the percentage of noded specimens is relatively 
stable between 7 and 2 psu. As indicated by a much higher proportion of noded valves below 
2 psu, this regulation pattern collapses because the variation of salinity does not reaches 
values close to 7 psu.
7. Conclusions
The comparison of microcosm experiments and field data from Cyprideis torosa under 
salinity gradients shows the noding as a pathological effect caused by osmotic problems 
in low salinity environments during moulting. The concentration of ions influencing the 
osmotic regulation capacity of membranes seems to effect the noding as well. A lack of Ca2+ 
clearly increases the risk of noding during moulting (Tab. 4).
Percentages of noded specimens in subfossil and fossil associations of Cyprideis torosa 
have the potential for reconstructing salinity levels and water chemistry in combination 
with other proxies for palaeosalinity. We expect a similar applicability of other cytheroidean 
ostracod species with variable noding but there is no evidence so far. In C. torosa, noding in 
marginal marine associations reflects salinities below 14 psu. More than 20% noded or even 
dominating noded valves indicate a salinity below 5 psu. Up to 10% noded individuals are 
typical for the salinity interval 2 to 7 psu. Ca2+ deficiency may produce higher proportions 
of noded valves within this range and noding above 7 psu, where normally only smooth 
valves occur. Analysing noding proportions alone allows the rough estimation of salinity 
within ranges for marginal marine settings. The transfer function by MARCO BARBA (2010) is 
applicable depending on ionic composition of the water. Athalassic populations of C. torosa 
live in more stable water bodies concerning the salinity. Here, the proportion of noded valves 
can be used for continuous and detailed salinity trend analysis, however, absolute estimates 
are hard to calculate because of a lack of knowledge on water ionic composition.
Detailed information on water chemistry and noding effects from the field and the labora-
tory are needed to develop noding analysis as a proxy for ancient water chemistry conditions. 
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The next step is to analyse Cyprideis torosa populations from athalassic brackish waters with 
a range of ionic compositions different from marginal marine waters.
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Salinity dependant morphological variation in Cyprideis torosa
Peter FRENZEL, Isabel SCHULZE, Anna PINT, Ian BOOMER & Martin FEIKE
Cyprideis torosa (JONES, 1850) is one of the most widespread brackish water ostracod 
species in the Northern hemisphere. It occurs in high frequencies in brackish marginal 
seas as the Baltic Sea, in lagoons, estuaries, as well as brackish athalassic waters. Of-
ten, ostracod associations with C. torosa are dominated by this species or even mono-
specific. Such low diversity associations are hard to interpret using ecological tolerance 
data of species alone. Intraspecific morphological variations may give a key to the re-
construction of low diversity brackish water palaeoenvironments.
We give an overview on salinity dependant morphological variation in C. torosa 
based on literature data and our own observations covering several sites along the 
coasts of the North Sea, Baltic Sea, Mediterranean Sea, and Aral Sea, as well as smal-
ler saline inland waters in Central Germany and Saudi Arabia. These observations show 
(1) a salinity dependant size variation with a maximum around the switching point bet-
ween hyper-osmotic and hypo-osmotic regulation at 8–9 psu sensu ALADIN (1993), (2) 
noded valves in the oligohaline range (<7–8 psu) of thalassic habitats, dominating in 
beta-oligohaline waters (<2 psu), (3) a correlation of the proportion of round sieve po-
res to salinity of ambient water according to ROSENFELD & VESPER (1975), allowing a 
reconstruction for marginal marine habitats following the formula:
S = e –0.06 RS + 4.7
(S = salinity [psu], RS = proportion of round sieve pores [%]; R2 = 0.95),
and (4) no salinity dependant shape variation of valves. There seem to be the sa-
me tendencies to morphological changes in athalassic waters but the thresholds are 
different.
A culture experiment complimented the field observations. We took C. torosa 
from a site on the southern Baltic Sea coast and kept it for 550 days in the lab covering 
a salinity range of between 0.5 and 13 psu in several series of microcosms. The speci-
mens hatched and developed in our microcosms and were studied for size variation, 
noding, sieve pores, and shape variation. The size variation along the salinity gradient 
shows the same pattern as in the field but are clearly dwarfed specimens. In contrast 
to the staircase pattern of field data a clear linear correlation of noded valve proportion 
to salinity is visible in our cultures:
60
S = -0.24 NV + 12
(NV = proportion of noded valves [%]; R2 = 0.77) for sea water diluted by fresh-
water, and
S = e-0.04 NV + 2.2
(R2 = 0.72) for sea water diluted by distilled water.
We explain the difference between field and lab data by highly variable salinity in 
the field allowing waiting of individuals for better salinity conditions during molting. 
Probably because of the same reason, the sieve pore proportion correlates linearly and 
not logarithmically to salinity in cultures:
S = -0.51 RS + 35  for S < 7.5 (R2 = 0.78)
S = -0.07 RS + 12  for S > 7.5 (R2 = 0.85)
The limit between both trend lines lies at 7.5 psu pointing to the osmoregulation 
threshold as identified by ALADIN (1993). A salinity dependant shape variability of val-
ves is not recognizable.
Different correlations in water with different ionic composition but same conduc-
tivity values point to a prominent water chemistry influence beside total dissolved salt 
concentration. Our next research step is to study cultures and field samples from atha-
lassic waters with different solute compositions.
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